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Ecological risk assessment (ERA) is a framework for monitoring risks of exposure and 
adverse effects of environmental stressors to populations or communities of interest. One 
tool of ERA is the biomarker, which is a characteristic of an organism that reliably 
indicates exposure to or effects of a stressor like chemical pollution. Traditional 
biomarkers which rely on characteristics at the tissue level and higher often detect only 
acute exposures to stressors. Sensitive molecular biomarkers may detect lower stressor 
levels than traditional biomarkers, which helps inform risk mitigation and restoration 
efforts before populations and communities are irreversibly affected. In this study I 




insecticides in the model toxicological freshwater amphipod Hyalella azteca. My goals 
were to not only create sensitive molecular biomarkers for these chemicals, but also to 
show the utility and versatility of H. azteca in molecular studies for toxicology and risk 
assessment. I sequenced and assembled the H. azteca transcriptome to identify reference 
and stress-response gene transcripts suitable for expression monitoring. I exposed H. 
azteca to sub-lethal concentrations of metals (cadmium and copper) and insecticides 
(DDT, permethrin, and imidacloprid). Reference genes used to create normalization 
factors were determined for each exposure using the programs BestKeeper, GeNorm, and 
NormFinder. Both metals increased expression of a nuclear transcription factor (Cnc), an 
ABC transporter (Mrp4), and a heat shock protein (Hsp90), giving evidence of general 
metal exposure signature. Cadmium uniquely increased expression of a DNA repair 
protein (Rad51) and increased Mrp4 expression more than copper (7-fold increase 
compared to 2-fold increase). Together these may be unique biomarkers distinguishing 
cadmium and copper exposures. DDT increased expression of Hsp90, Mrp4, and the 
immune response gene Lgbp. Permethrin increased expression of a cytochrome P450 
(Cyp2j2) and decreased expression of the immune response gene Lectin-1. Imidacloprid 
did not affect gene expression. Unique biomarkers were seen for DDT and permethrin, 
but the genes studied were not sensitive enough to detect imidacloprid at the levels used 
here. I demonstrated that gene expression in H. azteca detects specific chemical 
exposures at sub-lethal concentrations, making expression monitoring using this 
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Chapter 1: Transcriptome analysis of the model freshwater 
amphipod Hyalella azteca 
Abstract 
 Ecological risk assessment (ERA) uses multiple lines of evidence to monitor 
environmental health and prioritize ecological restoration efforts. The effects of 
environmental contaminants on organisms are a major source of data for these lines of 
evidence. To examine effects of toxins on the model toxicological organism Hyalella 
azteca, I sequenced the transcriptome of this freshwater amphipod. A total of 16,537 full 
transcripts with an N50 length of 2,156 nt remained following assembly and trimming of 
the transcriptome. Many of the 7,915 (47.86%) successfully annotated transcripts showed 
high similarity to other crustaceans, such as Daphnia pulex and Penaeus monodon, or 
other arthropods, such as Tribolium castaneum and Stegodyphus mimosarum. Many 
stress response and reference gene transcripts with potential for use as biomarkers in 
ERA were identified after annotation of the transcriptome. PCR products of common 
housekeeping gene transcripts matched those expected in terms of length and sequence 
for 9 of 10 genes investigated. This is the first NextGen RNA-seq transcriptome for H. 
azteca and as such will serve as a rich source of gene transcript sequence and expression 
data for use in both ERA and basic and applied research. 
  







The continuous production and discharge of pollutants by human activity drives 
the need to monitor the health of the environment. Ecological risk assessment (ERA) is 
the main process used for monitoring ecosystem health and prioritizing protection and 
restoration efforts (Figure 1.1). ERA investigates an ecosystem’s risks of suffering 
adverse effects from particular stressors, including chemical, physical, and biological 
pollutants (U.S. EPA, 1998). These risks are often broadly defined or calculated as the 
following: (Exposure to stressor) x (Effect of stressor) = Risk of adverse effect. In other 
words, if there is no exposure to or no effect of a stressor, there is no risk. Determination 
of potential exposures and effects is one purpose of ERA. 







Figure 1.1: Framework for ecological risk assessment (ERA) (figure based on Figure 1-1 in U.S. 
EPA, 1998) 
 






The ERA process, outlined in Figure 1.1, begins with problem formulation. 
During this stage the problem is clearly defined; assessment endpoints, or the 
components of the ecosystem being evaluated for risk, are chosen; and all available 
relevant information about potential stressors, the assessment endpoints, and the system 
under assessment are integrated to form a conceptual model (U.S. EPA, 1998). Planning 
for testing of confirmed or candidate toxin exposure and effects also takes place. 
Analysis, the second stage of ERA, consists of assays to create profiles of exposure risks 
and ecological effects. The final stage of ERA, risk characterization, integrates all 
obtained data with the uncertainties and limitations of the data to create a risk description. 
A risk description contains an evaluation of all lines of evidence relating stressors to 
assessment endpoints (U.S. EPA, 1998). The true significance of any adverse effects on 
assessment endpoints is determined by the risk assessor. Stakeholders and risk managers 
then make decisions on needed risk mitigation efforts, restoration efforts, or potentially 
revisiting and revising portions of the ERA for iterations of more focused testing and 
analysis. It is important to note is that ERA is iterative at nearly all points in the process, 
taking into account new findings at each stage and incorporating communication among 
all parties. 
Characterization of exposure and ecological effects integrates expertise from 
many disciplines to obtain multiple lines of evidence in both field and lab settings (Figure 
1.2). Field-based lines of evidence are diverse, including qualitative or quantitative 
descriptions of stressor sources, distribution, and transport; (e.g., Meij, 1991; Carpi, 
1997; Lundstedt et al., 2007); community richness or diversity sampling, as is commonly 
done with macroinvertebrates (e.g., Colas et al., 2014); comparisons of an ecosystem’s 






community with existing indices like the Index of Biotic Integrity (Karr, 1981); tissue 
sub-sampling from assessment endpoint organisms for direct measurement of a stressor 
or for measurement of an effect of a stressor (e.g., Evers et al., 2011); and sampling of 
environmental media like water, soil, and sediment (e.g., Hou et al., 2013). Lab-based 
lines of evidence may include analysis of structure-activity relationships (SARs) (e.g., 
Lindel et al., 2000), quantitative structure-activity relationships (QSARs) (e.g., 
Altenburger et al., 2003), large-scale data base compilation and analysis (e.g., Ma et al., 
2013), and toxicity testing for development of dose-response relationships or evaluation 
of sub-lethal effects (e.g., MacDonald et al., 2011). All of these biomarkers can 
contribute to a description of a given assessment endpoint’s risk of being exposed to or of 
experiencing adverse effects from a potential toxin. 
Many lines of evidence involve the measurement substances in or characteristics 
of cells, tissues, organs, or whole organisms that change in response to stressors (Forbes 
et al., 2006). These are referred to as biomarkers. Organisms or tissue samples collected 
in the field are processed in the lab for measurement of biomarkers. The levels or changes 
in certain biomarkers can reveal to what stressors the organism is exposed in its habitat. 
Similarly, samples from controlled stressor exposures conducted under laboratory 
conditions allow the association of stressors to specific biomarkers. Biomarkers 
commonly used in ERA include gene expression, protein titers, histopathological 
assessments, life history traits like survival and fecundity, behavior, and gross organismal 
malformations. Changes in these biomarkers in an exposed organism in relation to a 
reference environment or control indicate stressor exposure, effects, or both. 






Biomarkers are common in freshwater toxicity testing and ERA. Specific uses 
include life history traits in Daphnia magna as a marker of polycyclic aromatic 
hydrocarbon (PAH) exposure, with survival and reproduction decreasing with increasing 
PAH exposure (Feldmannova, 2006). Glutathione-S-transferase, acetylcholinesterase, and 
catalase enzyme activities in mussels (Mytilus edulis) are used as indicators of general 
ecological health (Beliaff and Burgeot, 2002). These protein activities should be at levels 
similar to those in clean reference sites, with aberrations attributable to environmental 
stress. Histological abnormalities, single-strand DNA breaks, and stress-response gene 
induction increase in Senegalese sole (Solea senegalensis) after exposure to sediment 
with multiple contaminating chemical stressors (Costa et al., 2012; Goncalves et al., 
2013). These biomarkers taken together provide an overall picture of environmental 
health rather than indicating exposure to a specific stress. Metallothionein protein titers in 
mussels, crabs, and annelids are reliable monitored as biomarkers of metal exposure 
(Amiard et a., 2006). Increasing concentrations of many different metals can induce 
transcription of metallothioneins. Changes in expression of sex-differentiation associated 
genes in fathead minnow (Pimephales promelas) occurs after expose to endocrine 
disrupting compounds (Leet et al., 2015). These biomarkers indicate exposure of non-
target vertebrates to synthetic hormones, as well as the sex-altering effects of these 
hormones. Biomarkers can be examined at the large-scale “omic” level as well, such as 
proteomic analysis of D. magna after exposure to arsenic and cadmium as just one 
example (Le et al., 2013). There are many more biomarkers ranging over a huge diversity 
of taxa for an equally large number of stressors. 






Biomarkers inform management decisions related to environmental and human 
health. Action is only taken if significant risk of exposure and adverse effects from a 
given stressor exists for assessment endpoints (U.S. EPA, 1998). Applying biomarkers to 
regulatory decisions is more difficult. Transitioning biomarkers from academic and 
management use to regulatory use is described in four components by Handy et al., 2003 
as the following: 
1. International agreement on how biomarkers should be incorporated into a 
regulatory framework, 
2. Development of standard operating protocols (SOPs) for testing of 
biomarkers, 
3. Validation of SOPs across testing laboratories; 
4. Modification of legislation to include biomarkers. 
The inherent variability in biomarkers, especially in relation to changing ambient 
environmental conditions, makes it challenging to describe thresholds for stressors that 
can be applied broadly (Handy et al., 2003). This highlights the importance of 
investigating not just the changes in a given biomarker from a stressor, but also how these 
changes change themselves spatially and temporally and the effects of potential 
confounding factors on the biomarker. Standardization of this testing would provide 
consistent evidence that can be more easily incorporated in regulatory law and decisions. 







Figure 1.2: Details of the analysis phase of ERA (figure based on Figure 4-1 in U.S. EPA, 1998) 
 
Hyalella azteca (Saussure, 1858) (Malacostraca: Amphipoda: Hyalellidae) 
(Lowry and Myers, 2013) is a freshwater amphipod and model organism for toxicology. 
H. azteca is common across North America into Central America (Cooper, 1965). H. 
azteca lives on the benthos and is omnivorous, feeding on any variety of decaying 
material and occasionally living plant tissue (Hargrave, 1970). Young pass through seven 






instars before becoming reproductively mature and continue to grow indeterminately 
(Strong, 1972). H. azteca was recently revealed to likely be diverging cryptic ecomorphs 
across its expansive range, instigating redescription of the species (Duan et al., 1997; 
Duan et al., 2000; Gonzalez and Watling, 2002; Wellborn et al., 2005). 
H. azteca is used in many freshwater and sediment toxicity tests, making it an 
important species for ERA, especially for characterization of exposure and effects during 
the analysis phase (U.S. EPA, 2000; Environment Canada, 2013). While we know much 
about changes in H. azteca life history parameters like growth, reproduction, behavior, 
and survival in response to many stressors, we know nearly nothing about potential 
molecular biomarkers. The small amount of previous molecular work on H. azteca 
focuses on monitoring protein titers or activities (e.g., Gomez-Olivan et al., 2012).  
Life history biomarkers are relatively insensitive compared to molecular level 
responses, reliably indicating only large exposure levels that already could have 
irreversible ecological impacts. In zebrafish (Danio rerio) exposed to the insecticide 
permethrin, significant changes in gene expression occurred after a 7-day exposure to a 
concentration an order of magnitude lower than the 4-day LC50 (Jin et al., 2009; Zhang 
et al., 2010). Daphnia pulex exposed to only LC01 cadmium concentrations show 
significant upregulation of metal stress-response genes (Shaw et al., 2007). D. magna 
exposed to cadmium at the LC0.5 concentration also displayed significant changes in 
expression of multiple genes (Soetaert et al., 2007). Nearly 250 genes changed in 
expression in the amphipod Melita plumulosa at sublethal copper exposures below the 
EC10 value for reproduction (Hook et al., 2014). Clearly at low exposure levels 






monitoring only life history can lead to incorrect conclusions about the true level of 
exposure and effects occurring in an assessment endpoint. Expression level changes can 
indicate stressors at magnitudes much lower than those detected by survival, histology, or 
other life history or tissue-level biomarkers. 
Since our current knowledge is limited largely to life history parameter changes in 
H. azteca, furthering our molecular insight in this amphipod is a critical goal in 
advancing sensitive characterization of exposure and effects during the ERA process. 
Transcriptome analysis previously proved useful for toxicological studies in the 
crustaceans D. magna (Connon et al., 2008; Watanabe et al., 2008) and Tigriopus 
japonicas (Ki et al., 2009) as well as the mussel Mytilus galloprovincialis (Dondero et al., 
2011). The work presented here describes the sequencing and assembling of the H. azteca 
transcriptome to identify genes that can be used for gene expression analysis following 
exposure to environmentally relevant pollutants.  
Developing gene expression biomarkers in H. azteca poses a challenge because 
until very recently little genetic information outside ribosomal RNA and cytochrome 
oxidase genes (e.g., Major et al., 2013) was available for H. azteca despite its importance 
as a model toxicological organism. These genes, though useful for phylogenetic studies 
(Duan et al., 1997; Duan et al., 2000; Witt and Hebert, 2000), are ineffective as tools for 
toxicity assessment. Fortunately H. azteca is currently experiencing a genetic 
renaissance. The i5K Genome Sequencing Initiative for Insects and Other Arthropods 
sequenced the H. azteca genome. Additionally some microarray expression analysis has 
assessed insecticide resistance (Weston et al., 2013) and toxicity of zinc oxide 






nanoparticles (Poynton et al., 2013), revealing a first glimpse into the genetic workings of 
this amphipod. However known problems with microarray work, including reliability and 
sensitivity, make it sub-optimal compared to the new technology of RNA-seq (Draghici 
et al., 2006; Wang et al., 2009; Marioni et al., 2008; Mantione et al., 2014). 
To identify the genes actively transcribed in un-stressed adult H. azteca, I 
sequenced and assembled a large percentage of the transcriptome of the most commonly 
used U.S. Laboratory strain of H. azteca using Illumina RNA-seq technology. I validated 
the assembly using PCR and primers developed for 10 common “housekeeping” genes 
identified from the transcriptome. My goal in assembling the H. azteca transcriptome is 
to identify “housekeeping” and stress-response gene transcripts to use in gene expression 
monitoring to develop biomarkers of exposure. These gene expression-based biomarkers 
can be used as sensitive indicators of exposure to stressors. Molecular biomarkers will be 
useful during ERA, whether the assessment endpoint is H. azteca or H. azteca is used as 
a surrogate species for testing contamination of environmental samples. Detecting 
sublethal levels of contamination will inform risk management decisions to prevent 
higher ecological-scale effects. 
The overarching goals of this dissertation work are to develop H. azteca as a 
molecular toxicology model species and to demonstrate the utility and versatility of 
molecular biomarkers in H. azteca. The description and analysis of the transcriptome of 
H. azteca constitute Chapter 1 of this dissertation. Chapter 2 consists of developing 
housekeeping genes identified here in Chapter 1 into quality control references for 
monitoring gene expression changes in H. azteca after exposure to sub-lethal 






concentrations of the metals cadmium and copper. Chapter 3 describes measuring 
changes in the expression of stress-response genes as a biomarker of exposure to the 
same metals as Chapter 2. Finally Chapter 4 demonstrates the versatility of gene 
expression as a biomarker in H. azteca by applying the same concepts from Chapters 2 
and 3 to exposure studies involving the pesticides DDT, permethrin, and imidacloprid. 
Materials and Methods 
 RNA extracted from two samples of 20 lab culture H. azteca were sequenced 
using RNA-seq technology on an Illumina HiSeq1500 machine at the University of 
Maryland Sequencing Core. Raw reads were assessed for quality and assembled into 
transcripts. Transcripts were annotated using BLAST2GO software and searched for 
common “housekeeping” reference genes and stress-response genes. Potential reference 
genes were amplified using PCR and sequenced to validate the transcriptome assembly.  
Research animals 
 H. azteca (Figure 1.3) of the U.S. Laboratory strain were purchased from Aquatic 
BioSystems (Fort Collins, CO) in 2012. This commercially available strain is commonly 
used in toxicity testing. The original source of this strain of H. azteca is not known, but it 
is most related to populations in Oklahoma (Major et al., 2013). The amphipod colonies 
(15 gallon glass aquarium, 24” x 12” x 12”) contained approximately 8 liters of tap water 
treated with chemical conditioner to remove ammonia, chloramines, metals, and other 
contaminants; air stones; and 4” x4” squares of synthetic mesh fabric substrate. Treated 
tap water, rather than reconstituted or synthetic freshwater, was used to maintain colonies 
as it supported adequate survival and reproduction of the amphipods. Reconstituted water 






is shown to support poor survival of H. azteca in long-term chronic exposure tests of up 
to 28 days and therefore would be inappropriate for maintaining colonies for years at a 
time (Kemble et al., 1998; McNulty et al., 1999). Aquaria were in an environmental 
chamber maintained at 26°C with lights set to a 16:8 light:dark cycle. Colonies were fed 
crushed Tetramin brand tropical fish flake food (guaranteed analysis 47% crude protein 
from fish meal and shrimp meal, 10% crude fat, 3% max crude fiber, 6% max moisture, 
1% phosphorus) three times weekly. The H. azteca colony has been maintained without 
addition of individuals since establishment of the colony in 2012, creating more 
genetically similar individuals. 
	  
Figure 1.3: H. azteca lateral (left) and dorsal (right) views 
 
H. azteca transcriptome sequencing 
I collected four samples of 20 H. azteca of mixed age and sex from the laboratory 
colony using a number 60 standard sieve, stored samples in 200 µL RNAlater (Life 
Technologies), and froze them in liquid nitrogen. Before processing samples were briefly 






thawed, and surface RNAlater was removed. I then quickly placed samples in a cooled 
mortar with a small volume of liquid nitrogen and crushed them into a fine powder using 
a pestle until all the liquid nitrogen was evaporated. I then added Trizol reagent (500 µL) 
(Life Technologies) warmed to 35°C to the mortar and mixed with the powder to halt 
RNA degradation as the sample thawed. The mixture was then moved into a 1.5 mL 
microcentrifuge tube and incubated at room temperature for five minutes with frequent 
vortexing. I then added chloroform (100 µL), followed by 15 seconds of vortexing, 1 
minute of room-temperature incubation, and another 15 seconds of vortexing. The 
mixture was then centrifuged at 12,000 rpm for 10 minutes to separate phases. 
The top aqueous phase containing the RNA (about 200 µL) was carefully 
removed using a micropipette and placed in a new 1.5 mL microcentrifuge tube. The 
remaining organic phase containing DNA and protein was frozen at -80°C. I then added 
Buffer RLT from an RNeasy Kit (700 µL) (Qiagen) and 100% molecular-grade ethanol 
(500 µL) (Sigma-Aldrich) to the 200 µL of aqueous phase, followed by vortexing. I then 
used the sample in the manufacturer-provided RNeasy Kit RNA extraction protocol 
starting at step 4. Final elution of RNA was performed with 30 µL of sterile water run 
through the RNA extraction column twice. I submitted samples to the University of 
Maryland Institute for Bioscience & Biotechnology Research (IBBR) Sequencing Core 
for bioanalysis, and the two best samples were used for RNA sequencing (RNA-seq). 
Illumina library creation was performed by the Sequencing Core using a 200 bp library 
insert size. Paired-end RNA-seq was performed on an Illumina HiSeq1500 instrument 
using 100 bp read lengths. The two samples were loaded in different lanes of the flow 
cell to account for lane effects. 






Transcriptome assembly and analysis 
I performed transcriptome quality assessment and assembly on sequences using 
procedures similar to those described by Lenz et al. (2014) on a Macbook Pro personal 
lap top computer (OS X v.10.9.5, 2.5 GHz Intel Core i5). FastQC v.0.11.2 software 
(Andrews, 2014a) was used first to check the quality of the sequences and identify 
probable contamination sequences and over-represented sequences, such as primers and 
sequencing adapters. FastQ Screen v.0.4.4 (Andrews, 2014b) and Bowtie 2 v.2.2.3 
(Langmead and Salzberg, 2012) were used to check for contamination. Paired forward 
and reverse reads from each sample were checked against genomes downloaded from 
GenBank and indexed using Bowtie 2 (Table 1.1).  
Table 1.1: Indexed genomes used to scan the H. azteca transcriptome for possible contamination 
Organism NCBI Accession/RefSeq 
Assembly ID 
BioProject Number 
Hyalella azteca JQDR00000000 PRJNA243935 
Daphnia pulex ACJG00000000 PRJNA12756 
Homo sapiens GRCh38 GCF_000001405.26 PRJNA31257 
Escherichia coli GCF_000005845.2 PRJNA57779 
Saccharomyces cerevisiae GCF_000146045.2 PRJNA128 
 
 
RNA-seq adapters and possible contamination sequences were trimmed out using 
Trimmomatic v.0.32 (Bolger et al., 2014). I aligned remaining sequences using TopHat2 
v.2.0.9 (Kim et al., 2013) and Bowtie 2 v.2.1.0 within the iPlant Collaborative Discovery 
Environment (http://www.iplantcollaborative.org/ci/discovery-environment, Goff et al., 
2011) using the partially assembled H. azteca genome as reference. All default options 
were used except Phred+33 quality scoring was used in place of Phred+64. I performed 
sequence assembly using CuffLinks2 v.2.1.1 (Trapnell et al., 2012) within the iPlant 






Collaborative Discovery Environment using the unannotated H. azteca genome as 
reference. All default parameters were used. 
The .gtf output file from CuffLinks2 was reformatted to a .fasta file using gffread 
within CuffLinks2 and then fed into the Blast2GO v.3.0.7 desktop software (Conesa et 
al., 2005) for comparing transcripts against NCBI databases using blastx, mapping, 
annotation, assignment of gene ontology (GO) terms, and analysis of Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa and Goto, 2000). 
Blasting was performed using a cut off E-value of 10-3. All procedures in Blast2GO were 
performed with default settings. GO term distribution was determined only for GO terms 
covered by at least 10% of the total transcripts being analyzed. I performed 
Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis using assembled 
transcripts, which provides a picture of the completeness of the transcriptome by 
searching the transcripts against a database of known arthropod orthologs 
(http://busco.ezlab.org/, Simao et al., 2015). BUSCO analysis was performed using 
BUSCO_v1.1b1.py, EMBOSS-6.5.7 (http://emboss.sourceforge.net/download/, Rice et 
al., 2000), hmmer-3.1b2 (http://hmmer.janelia.org/, Mistry et al., 2013), and ncbi-blast-
2.2.31+ (http://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/, Camacho et al., 
2015). Codes used in transcriptome assembly and BUSCO analysis may be found in 
Appendix A. 
Transcriptome validation 
To validate the transcriptome assembly, I designed primers for 10 common 
housekeeping gene transcripts based off of the assembled transcriptome using online 
design tools from IDT DNA and GenScript (Table 1.2; Appendix B). Total RNA was 






extracted from two samples of H. azteca as described above and quantified using a 
NanoDrop Lite spectrophotometer (Thermo Scientific). A total of 1 µg of RNA from both 
samples was reverse transcribed into cDNA using a Transcriptor First Strand cDNA 
Synthesis Kit (Roche) following the manufacturer’s protocol. I then used cDNA in a 20 
µL PCR reaction consisting of the following: 10 µL of 2x PCR Master Mix (SydLabs), 1 
µL cDNA, 1 µL of 100 µM forward primer, 1 µL of 100 µM reverse primer, 7 µL PCR 
grade water. PCR was run with the following cycles: 1) 1 cycle of 95ºC for 2 minutes; 2) 
25 cycles of 95ºC for 15 seconds, 57ºC for 15 seconds, and 72ºC for 30 seconds; 3) 1 
cycle of 72ºC for 7 minutes; 4) 4ºC indefinitely until PCR products were stored at -20ºC. 
All reactions were paired with a negative control with 1 µL of water added instead of 
cDNA. I ran PCR products on a 4% agarose gel at 110 V for 40 minutes along with a 10 
bp DNA ladder (Life Technologies) and used ethidium bromide and a UV camera to 
visualize the gel. Products were sent to GENEWIZ, Inc. for Sanger multi-fluorescent 
dideoxynucleotide chain termination sequencing using the forward primer of each primer 
set as the sequencing primer. Experimental PCR product sequences were then aligned to 
their corresponding expected amplicon sequence (Appendix C) and analyzed for percent 














Table 1.2: Housekeeping gene transcripts identified in the H. azteca transcriptome and used for 
transcriptome assembly validation 
Gene Abbreviation Forward primer 
sequence (5’ - 3’) 
Reverse primer 
sequence (5’ - 3’) 
Amplicon 
length (nt) 































































H. azteca transcriptome assembly and analysis 
 Bioanalysis showed extracted RNA to be of good quality (Table 1.3). Samples 
HA1 and HA3 were chosen for sequencing based on their higher RNA integrity numbers 
and/or higher RNA concentration. Sequencing of the two samples yielded a combined 
63,443,870 raw reads. FastQC showed all raw sequences to be of high quality based on 
Phred+33 scores (Figure 1.4) and identified 8 and 10 overrepresented sequences of 
adapters or possible contamination in HA1 and HA3, respectively (Table 1.4). FastQ 
Screen detected minimal contamination in the samples, with many sequences aligning to 
either of the two parts of the indexed genome of H. azteca (Figure 1.5). The H. azteca 
genome was indexed in two parts due to its state of ongoing assembly and annotation 






during assembly of this transcriptome. Trimmomatic removed sequences detected by 
FastQC. Few sequences fell below the minimum quality requirement during trimming 
(Table 1.5). 36,546,804 reads remained after alignment, 8,141,792 (22.3%) of which 
were singletons. After assembly of aligned reads, a total of 16,537 full transcripts 
(25,968,498 bp) were produced with an N50 length of 2,156 nt. The transcriptome RNA-
seq reads can be found in GenBank under BioProject PRJNA277380 (Accession 
SRP066301). 
Table 1.3: Bioanalysis results for all four submitted samples of H. azteca RNA 
Sample RNA concentration 
(ng/µL) 
RNA area RNA integrity 
number 
HA1 221 479 6.1 
HA2 1922 4160.1 4.7 
HA3 2286 4946.8 5.3 































Table 1.4: Sequences of adapters and contamination identified by FastQC and removed by 
Trimmomatic in each sample 
Sample Sequence name Sequence 














































































































































































































Figure 1.4: An output graph from FastQC representative of those for all reads 
 








Figure 1.5: An output graph from FastQ Screen representative of those for all reads 
 
Blast2GO returned a total of 7,915 (47.86%) transcripts with hits from blast of the 
original 16,537 transcripts. A total of 8,576 (51.86%) transcripts had no hits in blast, and 
46 (0.28%) were not blasted due to the length of the transcripts (> 8,000 nt). Blast2GO 
successfully mapped 6,874 (86.85%) of the 7,915 transcripts with blast hits and annotated 
5,541 (80.6%) of the mapped transcripts. The distribution of the top hits from Blast2GO, 
only those with the highest degree of similarity between the transcript and the hit, 
contains many arthropods, including the model crustacean D. pulex and the model beetle 
Tribolium castaneum (Figure 1.6). GO term analysis determined the majority of 
transcripts to be related to cellular components of organelles (2,053 transcripts), the 
membrane (1,159), and macromolecular complexes (1,463); molecular functions of 
binding (3,315) and catalytic activity (2,731); and biological processes of metabolic 






activity (3,367), cellular processes (3,207), and single-organism processes (2,728) 
(Figures 1.7, 1.8, 1.9). 
 
 
Figure 1.6: Distribution of top species hits from Blast2GO annotation 








Figure 1.7: GO terms associated with cellular components in the H. azteca transcriptome 
 








Figure 1.8: GO terms associated with molecular functions in the H. azteca transcriptome 
 








Figure 1.9: GO terms associated with biological processes in the H. azteca transcriptome 
 
KEGG pathway analysis returned the highest number of transcripts as involved in 
purine metabolism (471 transcripts) and thiamine metabolism (399) pathways (Table 
1.6). Among many other nucleic acid, amino acid, and fatty acid biosynthesis and 
degradation pathways were several potential stress response pathways, including “Drug 
metabolism - other enzymes” (31), “Drug metabolism - cytochrome P450” (16), and 
“Metabolism of xenobiotics by cytochrome P450” (16). 
BUSCO analysis found 375 complete single-copy orthologs in the transcriptome, 14% of 
the 2,675 arthropod orthologs searched against. Additionally there were 108 (4%) 
complete duplicated orthologs and 237 (8.9%) fragmented orthologs. 
 












Purine metabolism 471 26 
Thiamine metabolism 399 2 
Aminobenzoate degradation 81 4 
Pyrimidine metabolism 67 18 
Phenylalanine metabolism 59 9 
Citrate cycle (TCA cycle) 58 14 
Glycolysis/gluconeogenesis 56 20 
Oxidative phosphorylation 53 7 
Amino sugar and nucleotide sugar metabolism 52 19 
Pyruvate metabolism 50 16 
T cell receptor signaling pathway 50 2 
Carbon fixation pathways in prokaryotes 47 15 
Phenylpropanoid biosynthesis 46 1 
Aminoacyl-tRNA biosynthesis 45 15 
Lysine degradation 40 9 
Glutathione metabolism 39 10 
Pentose phosphate pathway 33 14 
Carbon fixation pathways in photosynthetic 
organisms 32 11 
Starch and sucrose metabolism 32 15 
Fructose and mannose metabolism 32 15 
Drug metabolism - other enzymes 31 10 
Arginine and proline metabolism 31 14 
Methane metabolism 30 9 
Tryptophan metabolism 30 11 
Alanine, aspartate, and glutamate metabolism 26 13 
Glyoxylate and dicarboxylate metabolism 25 9 
Fatty acid degradation 24 11 
Tyrosine metabolism 23 11 
Alpha-linolenic acid metabolism 22 5 
Valine, leucine, and isoleucine degradation 22 11 
Cysteine and methionine metabolism 22 10 
Porphyrin and chlorophyll metabolism 21 10 
Glycerophospholipid metabolism 21 9 
Glycine, serine, and threonine metabolism 21 12 
Galactose metabolism 21 9 
Pentose and glucuronate interconversions 21 11 
Butanoate metabolism 17 7 











Propanoate metabolism 17 10 
Drug metabolism - cytochrome P450 16 5 
Metabolism of xenobiotics by cytochrome P450 16 5 
Caprolactam degradation 16 4 
Arachidonic acid metabolism 14 7 
Phosphatidylinositol signaling system 14 8 
Fatty acid elongation 14 6 
Inositol phosphate metabolism  13 8 
Biosynthesis of unsaturated fatty acids 12 4 
Geraniol degradation 12 3 
Beta-alanine metabolism 12 7 
Sphingolipid metabolism 12 6 
Selenocompound metabolism 12 6 
Nitrogen metabolism 11 5 
One carbon pool by folate 11 8 
Glycerolipid metabolism 11 5 
Riboflavin metabolism 11 2 
Ascorbate and aldarate metabolism 11 4 
Toluene degradation 10 1 
Primary bile acid biosynthesis 10 1 
Ether lipid metabolism 10 3 
Histidine metabolism 10 4 
N-glycan biosynthesis 9 5 
Nicotinate and nicotinamide metabolism 9 6 
Sulfur metabolism 8 5 
Terpenoid backbone biosynthesis 8 5 
Retinol metabolism 8 4 
Linoleic acid metabolism 7 1 
Chloroalkane and chloroalkene degradation 7 3 
Ubiquinone and other terpenoid-quinone 
biosynthesis 7 2 
Other glycan degradation 7 3 
Limonene and pinene degradation 7 2 
Benzoate degradation 7 3 
Pantothenate and CoA biosynthesis 6 4 
Various type of N-glycan biosynthesis 6 3 
Phenylalanine, tyrosine, and tryptophan 
biosynthesis 6 5 
Lysine biosynthesis 6 2 
Fatty acid biosynthesis 6 3 











Styrene degradation 6 2 
Tropane, piperidine, and pyridine alkaloid 
biosynthesis 5 4 
Novobiocin biosynthesis 5 4 
Isoquinoline alkaloid biosynthesis 5 3 
Steroid hormone biosynthesis 5 3 
Taurine and hypotaurine metabolism 4 2 
Carbapenem biosynthesis 4 2 
Streptomycin biosynthesis 4 4 
Other types of O-glycan biosynthesis 4 3 
Mucin type O-glycan biosynthesis 4 2 
Ethylbenzene degradation 4 1 
Folate biosynthesis 4 3 
Naphthalene degradation 3 1 
Valine, leucine, and isoleucine biosynthesis 3 2 
C5-branched dibasic acid metabolism 3 2 
mTOR signaling pathway 3 1 
D-glutamine and D-glutamate metabolism 2 1 
Glycosylphosphatidylinositol (GPI)-anchor 
biosynthesis 2 1 
Synthesis and degradation of ketone bodies 2 2 
Vitamin B6 metabolism 2 1 
Aflatoxin biosynthesis 2 1 
Tetracyline biosynthesis 2 1 
Glycosaminoglycan biosynthesis - heparan 
sulfate/heparin 2 1 
Glycosaminoglycan biosynthesis - chondroitan 
sulfate/dermatan sulfate 2 1 
Glycosaminoglycan degradation 2 2 
Steroid degradation 1 1 
Caffeine metabolism 1 1 
Lipoic acid metabolism 1 1 
Butirosin and neomycin biosynthesis 1 2 
Indole alkaloid biosynthesis 1 1 
Penicillin and cephalosporin biosynthesis 1 1 
Glycosphingolipid biosynthesis - globoseries 1 1 
Steroid biosynthesis 1 1 
Peptidoglycan biosynthesis 1 1 
Flavone and flavonol biosynthesis 1 1 
Biosynthesis of ansamycins 1 1 
 







 PCR products for primers RpS23, RpL10, Gapdh, αTub, Mmp, Tbp, Ubi, and Ubc 
appeared at the expected positions on the agarose gel (Figure 1.10 - bright band in lanes 1 
and 6 is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) RpS23 negative control, 3) RpS23 
sample 1, 4) αTub negative control, 5) αTub sample 1, 6) 10 bp DNA ladder, 7) Act 
negative control, 8) Act sample 1, 9) Gapdh negative control, 10) Gapdh sample 1) 
(Figure 1.11 - bright band in lanes 1 and 14 is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) 
Syx negative control, 3) Syx sample 1, 4) Syx sample 2, 5) Ubi negative control, 6) Ubi 
sample 1, 7) Ubi sample 2, 8) Tbp negative control, 9) Tbp sample 1, 10) Tbp sample 2, 
11) Mmp negative control, 12) Mmp sample 1, 13) Mmp sample 2, 14) 10 bp DNA 
ladder, 15) RpL10 negative control, 16) RpL10 sample 1, 17) RpL10 sample 2, 18) Ubc 
negative control, 19) Ubc sample 1, 20) Ubc sample 2, 21) RpS23 negative control, 22) 
RpS23 sample 2, 23) αTub negative control, 24) αTub sample 2, 25) Gapdh negative 
control, 26) Gapdh sample 2). 
Initial primers for both Act and Syx did not produce bands on gels, so additional 
primers were designed and tested (Table 1.7, Figure 1.12 - bright band in lanes 1 and 8 is 
at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) Act2 negative control, 3) Act2 sample 1, 4) 
Act2 sample 2, 5) Act3 negative control, 6) Act3 sample 1, 7) Act3 sample 2, 8) 10 bp 
DNA ladder, 9) Syx2 negative control, 10) Syx2 sample 1, 11) Syx2 sample 2, 12) Syx3 
negative control, 13) Syx3 sample 1, 14) Syx3 sample 2, 15) Syx4 negative control, 16) 
Syx4 sample 1, 17) Syx4 sample 2). Of these additional primers, only Act2, Syx2, and 
Syx3 produced sequencable bands. 








Figure 1.10: PCR products obtained from sample 1 of H. azteca cDNA using primers designed 












Figure 1.11: PCR products obtained from both samples of H. azteca cDNA using primers for Syx, 
Ubi, Tbp, Mmp, RpL10, and Ubc. PCR products also shown for RpS23, Tub, and Gapdh using the 
second sample of cDNA 
 
Table 1.7: Names and sequences of the additional primers designed for beta actin and syntaxin 
Transcript name Primer 
abbreviation 
Forward primer 
sequence (5’ - 3’) 
Reverse primer 
sequence (5’ - 3’) 
Amplicon 
length (nt) 





































Figure 1.12: PCR products obtained from both samples of H. azteca cDNA using additional 
primers for Act and Syx 
 
Sequencing was performed on all products except for those of Act, Act3, Syx and 
Syx4 primer sets. Sequencing revealed high similarity between products and the expected 
amplicon sequences for most primers (Table 1.8, Table 1.9). Products of Act2 were of 
low similarity to the expected amplicon, but the product of Act2 from sample 1 of cDNA 
was of a length similar to that of the product seen during gel electrophoresis. Products of 










Table 1.8: Sequences of amplicons obtained through PCR 
Primer 
set 
Sample Product sequence 





























Syx2 1 GNTTACCNGCAGCAGCTGGCGCTGATGGAGGAACAAGACTCGC 
2 CAGCAGCTGGCGCTGANGGAGGAACAAGACTCGCTGCTGCAG 



























Table 1.9: Alignment of transcriptome transcript sequences and those obtained through PCR 







RpS23 1 127 81 91.4 1.2 
2 127 91 90.1 2.2 
RpL10 1 132 93 96.8 1.1 
2 132 89 96.6 0 
Act2 1 130 332 24.4 75.3 
2 130 68 75.0 22.1 
Gapdh 1 150 110 92.7 1.8 
2 150 108 91.7 0.9 
αTub 1 149 110 94.5 0.9 
2 149 110 96.4 1.8 
Mmp 1 146 102 99.0 0 
2 146 97 92.8 0 
Syx2 1 92 43 95.3 0 
2 92 42 97.6 0 
Syx3 1 91 51 98.0 0 
2 91 6 83.3 0 
Tbp 1 149 102 100.0 0 
2 149 106 98.1 0 
Ubi 1 148 101 82.2 4.0 
2 148 114 77.2 10.5 
Ubc 1 119 79 94.9 1.3 




 The transcriptome of H. azteca was sequenced and assembled to not only locate 
potential reference and stress-response genes for future study, but also to create the first 
publicly available “omic” data set for this amphipod. The transcriptome assembly was 
successful, providing many of the target genes. Reference gene transcript assemblies 
were validated through PCR, returning amplicon sequences matching those from the 
transcriptome. 
The assembled transcriptome of H. azteca is shown to be of good quality. The 
distribution of gene identities is comparable to that of other crustaceans, including the 
marine amphipod Parhyale hawaiensis (Zeng et al., 2011) and the white-leg shrimp 






Litopenaeus vannamei (Li et al., 2012a). Multiple iterations of H. azteca transcriptome 
assembly using stricter parameters may have detected and removed more potential 
contamination and lower quality sequences and produced additional or different 
transcripts. A re-assembly after the completion of the annotation of the H. azteca genome 
would provide a much more complete transcriptome. For example BUSCO analysis 
found only 14% of expected complete single-copy orthologs, a number that would be 
greatly improved by a transcriptome assembly guided by a complete genome containing 
the missing expected orthologous genes (Simao et al., 2015). This low BUSCO output 
was also seen in a recent genome analysis of H. azteca of the same U.S. Laboratory strain 
used here, indicating loss of these genes from the genome and potentially an overall 
reduced genome size (H. Poynton, University of Massachusetts Boston, Boston, MS, 
U.S.A., personal communication). Additionally the combination of multiple assembly 
approaches for the transcriptome could provide a higher quality final assembly resulting 
in more complete transcripts. This method is especially useful in non-model organisms 
with little genetic information (Feldmesser et al., 2014). However, given the exploratory 
nature of this transcriptome these additional assemblies were not necessary. 
 Probable contaminants were observed only in KEGG pathway analysis and 
included transcripts for streptomycin and tetracycline biosynthesis likely from 
actinobacteria (Nett et al., 2009); transcripts for carbon fixation from contamination by 
prokaryotes; and transcripts for penicillin, cephalosporin, and aflatoxin biosynthesis 
likely from fungal contamination (Samson et al., 1987; Geiser et al., 1998). It is possible 
that these transcripts are not from contamination of samples per se, but rather are from 
symbiotic organisms within the amphipods. Additional evidence for this possibility 






comes from the KEGG pathways for chlorophyll breakdown and carbon fixation in 
photosynthetic organisms identified in the transcriptome. These transcripts likely are 
present in the amphipods due to the green algae they consume in their culturing tank. 
Bacteria and fungi may grow with these algae as a biofilm (Sabater et al., 2007). These 
many co-ingested microorganisms could become gut symbionts of H. azteca, as is seen in 
the freshwater amphipod Gammarus pulex (Harris, 1993), and consequently would be 
detected during RNA-seq. Detection of symbionts like bacteria and fungi as well as 
infectious agents like viruses within arthropods is common during transcriptome analyses 
(Pauchet et al., 2009; Mittapalli et al., 2010). 
PCR products were of the expected sizes had high sequence similarity to the 
predicted product based off transcript sequences. This gives confidence that the 
transcriptome was assembled properly, yielding reliable transcripts, and ensuring that the 
intended target transcripts were being amplified specifically by the developed primer sets. 
The exceptions to this were Act2 and Syx3 in which large gaps in the expected amplicon 
sequence were required in order to align with the product sequence. Also sequencing 
results were inconsistent between cDNA samples for these primers as well. These 
difficulties could be due to alternative splicing of these transcripts or to gene duplication, 
resulting in paralogs with similar but not identical sequences. Lacking a fully assembled 
and annotated genome, transcript splice sites cannot be identified and avoided during 
primer development, making these transcripts uncertain amplification targets. Sequencing 
of PCR products was also performed with only forward primers. If a second round of 
sequencing were performed with reverse primers and the resulting sequences were 
aligned with those from the forward primers, a more complete amplicon may be obtained. 






The use of different primers nested within the original primers may have also allowed 
more accurate sequencing by allowing primers to anneal and sequencing to start 
downstream of the start of the sequence. 
 The first goal in sequencing the H. azteca transcriptome was to locate 
housekeeping genes to use for quality control during gene expression measurement. Nine 
of the ten housekeeping genes used to verify the transcriptome successfully amplified 
during PCR. These genes are also commonly used as reference genes for quality control 
of gene expression (Dheda et al., 2004; Kozera and Rapacz, 2013). The ubiquitin gene is 
used in soft-shell clams (Mya arenaria) (Araya et al., 2008); TATA-box binding protein 
in Daphnia pulex (Spanier et al., 2010); GAPDH, ubiquitin conjugating enzyme, and 
beta-actin in D. magna (Heckmann et al., 2006); and beta-actin and GAPDH in various 
amphipods (Protopopova et al., 2014). Additionally, though ultimately not used as 
reference genes, the housekeeping genes alpha-tubulin, syntaxin, and matrix 
metalloproteinase were also explored in D. pulex as they were here in H. azteca (Spanier 
et al., 2010). Other candidate reference genes found in the H. azteca transcriptome which 
were not examined here include X-box binding protein 1, cyclophilin, succinate 
dehydrogenase, tryptophanyl-tRNA synthetase, ADP-ribosylation factors 1 and 4, 
translation elongation factor 1α, heterogeneous nuclear ribonucleoprotein A2/B1, and 
ribosomal proteins L7, L27, and S18. These genes were explored as reference genes for 
gene expression monitoring in D. pulex (Spanier et al., 2010), D. magna (Heckmann et 
al., 2006), the Pacific oyster (Du et al., 2013), and the Colorado potato beetle 
Leptinotarsa decemlineata (Shi et al., 2013), and could be examined for H. azteca as 
needed. 






Many stress response-related gene transcripts with potential for use in toxicity 
testing and environmental risk assessment were found after annotation of the 
transcriptome. These included genes whose products are involved in detoxification and 
general stress response genes. Phase I detoxification transcripts with products associated 
with modification included cytochrome P450 monoxygenases, alcohol dehydrogenases, 
aldehyde dehydrogenases, peroxidases, and esterases. Phase II conjugation-associated 
transcripts included those coding for methytransferases, sulfotransferases, N-
acetyltransferases, UDP-glucuronosyltransferases, and glutathione S-transferases. Phase 
III excretion-associated transcripts included ATP-binding cassette transporters of the 
multidrug resistance protein family (MRP, ABCB) and the multidrug resistance-
associated protein family (MDR, ABCC) as well as many members of the solute carrier 
(SLC) superfamily of transport proteins. General stress response gene transcripts such as 
those for a variety of heat shock proteins as well as immune response genes were in 
abundance. 
More stress-response gene transcripts may have been detected through the use of 
comparative transcriptomics in which the transcriptome of organisms exposed to a 
stressor is compared to that of unexposed organisms (e.g., Bonizzoni et al., 2012) or 
similarly through the development and use of microarrays (e.g., Watanabe et al., 2008). 
These methods can provide a large number of differentially expressed genes for more 
detailed experimentation or analysis and can be especially useful for non-model 
organisms (Miao et al., 2015; Oppenheim et al., 2015). The cost associated with doing 
such a comparison and analysis, however, can be prohibitive. A small scale sequencing 
such as that performed here provides a lower cost alternative but at the expense of not 






determining transcript sequences and differentially expressed genes simultaneously. 
However, research already performed on differential expression of genes and proteins in 
the crustaceans D. pulex and D. magna (Shaw et al., 2007; Lyu et al., 2014) and work 
done on proteins in H. azteca and other amphipods provides a base line for future work 
on differential expression in H. azteca (Werner and Nagel, 1997; Correia et al., 2002). 
The transcripts identified here and many others can be explored as biomarkers for 
physical, biological, and chemical stressors investigated during ERA. Differences in their 
expression levels can indicate stressors at magnitudes much lower than those detected by 
survival, histology, or other life history or tissue-level biomarkers. However, gene 
expression must be linked to higher-level impacts through adverse outcome pathways 
(AOP). AOPs are needed to connect initiating events like the interaction of a toxin and its 
receptor at the molecular level to ecologically relevant effects, which are the ultimate 
goal in ERA (Ankley et al., 2010; Kramer et al., 2011). AOPs expand a molecular 
biomarker’s utility from that of solely an indicator of exposure to one of both exposure 
and of effects with real consequences. Once these connections are known, molecular 
responses can be used in lieu of apical organismal responses. Molecular responses can 
provide more specific information about the stressor’s identity and magnitude while 
using fewer test organisms. 
The housekeeping gene transcripts as well as stress response gene transcripts 
identified in the H. azteca transcriptome will be further explored for use in gene 
expression monitoring assays for detection of environmental stressors. The presence of 
many housekeeping genes also present in transcriptomes of D. pulex and D. magna allow 






not only use of these genes in gene expression experiments in H. azteca, but also 
comparison to these other crustaceans. Which housekeeping genes serve as the best 
reference genes is determined in Chapters 2 and 4 and can be compared to those that 
proved best in similar exposure experiments with D. pulex and D. magna. This allows 
better comparison of changes in stress-response genes of interest across these species as 










Chapter 2: Normalization factor development for gene expression 
studies in Hyalella azteca after exposure to cadmium and copper 
Abstract 
 Biomarkers are an important tool in ecological risk assessment (ERA) to 
demonstrate exposure to or effects of stressors in the environment. Sensitive indicators of 
exposure may be changes in protein titers or activities and gene expression changes. Gene 
expression is a highly sensitive response. Because of this sensitivity, internal controls 
must be developed to prevent false conclusions from biomarkers based on gene 
expression. Normalization of the expression of genes of interest to that of reference 
genes, which do not change in expression even after stressor exposure, is an important 
quality control step. Here I developed normalization factors (NFs) based on multiple 
reference genes for sub-lethal exposures to cadmium and copper in H. azteca. I measured 
the expression of five housekeeping genes with and without exposure to cadmium or 
copper using RT-qPCR and used the resulting cycle threshold (Ct) values in three 
programs (BestKeeper, GeNorm, and NormFinder) designed for analysis of candidate 
reference genes. The housekeeping genes tubulin alpha-1a chain (αTub) and matrix 
metalloproteinase (Mmp) formed the NF for cadmium exposure, while αTub, Mmp, and 
ubiquitin (Ubi) formed the NF for copper exposure. Knowing the most stable reference 
genes for all different exposure scenarios ensures accurate estimation of expression 
responses in genes of interest, such as stress-response genes. This allows the development 
of reliable and accurate biomarkers for exposure and effect assessments during ERA. 







Ecological risk assessment (ERA) is a formal, guided process used for monitoring 
ecosystem health and prioritizing protection and restoration efforts. The main goals of 
ERA are to determine an ecosystem’s risks of being exposed to and suffering adverse 
effects of stressors (U.S. EPA, 1998). The characterizations of exposure and of effects 
integrate expertise from many disciplines to obtain data on assessment endpoints, called 
lines of evidence, in both field and lab settings. Many lines of evidence come from the 
use of biomarkers, measurable substances in or characteristics of cells, tissues, organs, or 
whole organisms that change in response to stressor exposure (Forbes et al., 2006). The 
transcriptome of the freshwater amphipod Hyalella azteca was sequenced and assembled 
as described in Chapter 1 to develop sensitive molecular biomarkers for metal exposure. 
Here in Chapter 2, I use that transcriptome to investigate gene expression changes in 
response to metal exposure, specifically to develop rigorous internal controls to provide 
more accurate measurement of responses. 
The biomarkers developed here for H. azteca use transcript abundance to assess 
changes in gene expression. Reverse transcription quantitative PCR (RT-qPCR) is a 
widely used and sensitive method for measuring transcript abundance (Heid et al., 1996; 
Bustin, 2002). An important component of this process is the selection of reference genes 
whose expression is used to normalize that of the genes of interest. Normalization is the 
attempt to account for variability in expression of genes due to technical differences of 
interest across samples, such as slight differences in sample extraction and automated 
data acquisition (Calza and Pawitan, 2010). After normalization the true biological 
variation due to the applied treatment remains. Commonly used reference genes include 






many of the constitutive “housekeeping” genes like actin, tubulin, ribosomal proteins, 
ubiquitin, TATA-box-binding proteins, and others (Kozera and Rapacz, 2013). It is 
critical that these reference genes express stably and do not themselves respond to the 
stressor being investigated. Otherwise the effect of the stressor may be overestimated or 
underestimated. Recently it has been found that many of the historically used reference 
genes do in fact differ their expression levels in different tissues or under certain 
stressors, making them invalid as reference genes and sometimes even distorting 
expression results regarding genes of interest (e.g., Hauton et al., 2009; Dheda et al., 
2004; Spanier et al., 2010; Radonic et al., 2004). 
One solution to the issue of varying expression of reference genes is an initial 
screening of multiple candidate reference genes to determine which do not respond to the 
stressors investigated or which respond the least. Two or more stable reference genes are 
then measured for expression along with the genes of interest. The geometric mean of the 
expression of all the reference genes is calculated and used as a normalization factor (NF) 
to normalize the expression of the genes of interest (Vandesompele et al., 2002). This 
method has already been employed for more accurate gene expression analysis for a 
variety of stressor exposures in Daphnia magna (Heckmann et al., 2006), Daphnia pulex 
(Spanier et al., 2010), soft-shell clams Mya arenaria (Araya et al., 2008), Pacific oyster 
Crassostrea gigas (Du et al., 2013), disk abalone Haliotis discus discus (Wan et al., 
2011), red flour beetle Tribolium castaneum (Lord et al., 2010), Colorado potato beetle 
(Shi et al., 2013), and the European honey bee Apis mellifera (Scharlaken et al., 2008). 
The use of NFs is also recommended in the Minimum Information for Publication of 
Quantitative Real-time PCR Experiments (MIQE) guidelines (Bustin et al., 2009). 






 The strategy of NFs is applied here to gene expression in H. azteca for exposures 
to cadmium and copper. Cadmium and copper are both on the U.S. EPA list of priority 
pollutants (U.S. EPA, 2012). Cadmium is released into the environment by mining and 
refinement of cadmium and zinc ores, in phosphate fertilizers, fossil fuel combustion, 
waste incineration, improper disposal of cadmium-containing items such as batteries, and 
natural sources (ATSDR, 2012). The maximum cadmium concentration allowed in 
drinking water is 5 µg/L (U.S. EPA, 1991; U.S. EPA, 2002). Higher concentrations begin 
the risk of adverse effects including neurotoxicity, reproductive toxicity, and genotoxicity 
(ATSDR, 2012). While cadmium in surface water is usually <1 µg/L, the concentration 
can skyrocket in the vicinity of contamination sources like waste sites or mines (Elinder, 
1992; Pinot et al., 2000; ATSDR, 2012). Cadmium in water exists as both a freely 
dissolved hydrated form and adsorbed to sediment and organic material. The adsorption 
of cadmium lends to its relatively long residence time, which can be up to 4 to 10 years in 
freshwater sediment (Wester et al., 1992). Adsorbed cadmium is then easily accumulated 
and concentrated by organisms like H. azteca that are associated with sediment and 
organic material (Borgmann et al, 1993; Guan and Wang, 2006; Shuhaimi-Othman and 
Pascoe, 2007). There is also the potential for cadmium to be accumulated by aquatic 
plants or introduced into the aquatic system in cadmium-laden terrestrial plant material 
(Peralta-Videa et al., 2009). The detritus formed by these sources are actively consumed 
by omnivorous scavengers like H. azteca, adding another exposure source for these 
organisms. H. azteca is a common prey item, so there is potential for biomagnification of 
cadmium through higher trophic levels (Barwick and Maher, 2003; Croteau et al., 2005). 






 Copper is released into the environment primarily by mining and refining of 
copper ore and copper alloys, fossil fuel combustion, waste incineration, wood 
production, urban storm water runoff, and natural sources (ATSDR, 2004). Copper is 
typically found in surface water at a concentration of 10 µg/L, but this value can range 
widely from only 0.5 µg/L to over 10,000 µg/L and up to 69,000 µg/L in heavily 
contaminated areas near copper mining operations (ATSDR, 2004; EPA, 1991; Rosner, 
1998). In water the majority of copper speciates to Cu(II) and copper metal and quickly 
adsorbs to organic matter, clay, hydrous iron, and manganese oxides (ATSDR, 2004). 
Residence times of copper in freshwater lakes have been estimated at 15 to 101 years in 
some lakes (Georgopoulos et al., 2001). As with cadmium this long residence makes 
copper easily encountered by benthic organisms like H. azteca (Borgmann et al., 1993; 
Borgmann and Norwood, 1997; Shuhaimi-Othman and Pascoe, 2007). 
Here I describe experiments comparing expression of candidate reference genes 
between exposures to cadmium or copper and controls using three programs (GeNorm, 
NormFinder, and BestKeeper). These programs identify the genes that change in their 
relative expression the least after exposure to these metals. GeNorm calculates stability 
values, called M values, using the arithmetic mean of all pairwise variation values 
between a single candidate reference gene and all other genes (Vandesompele et al., 
2002). Stability here represents the amount of variation in a gene’s expression between 
the control and the treatment. M values are calculated for each candidate reference gene 
individually. The gene with the largest M value is the least stable gene and is dropped 
from the analysis. New M values are then calculated again for all remaining candidate 






genes. The process is repeated until only two genes remain. No further analysis of these 
individual genes is possible since the M values rely on pairwise comparisons.  
NormFinder uses a model-based approach, allowing the user to assign samples to 
groups prior to analysis (Andersen et al., 2004). NormFinder estimates intragroup and 
intergroup variation and uses these to calculate a stability value for each individual gene. 
Stability values represent the variation in gene expression, so lower values indicate more 
stable expression. BestKeeper calculates multiple pairwise correlations for all candidate 
reference genes (Pfaffl et al., 2004). The most highly correlated candidate genes are 
combined into an index, called the BestKeeper index. Each individual candidate gene is 
then analyzed for correlation to the index. The candidate genes showing the highest 
correlations to the index are the most stably expressed reference genes. 
Advantages and disadvantages exist between these three programs. BestKeeper 
provides basic descriptive statistics for all genes and correlations to the BestKeeper index 
(Pfaffl et al., 2004). BestKeeper does not provide rankings of genes or suggestions of 
which genes should be used in the NF. The user is left to decide the ranking of genes 
based on the calculated statistics. Moreover, the BestKeeper index and the statistics 
associated with it change as the user removes highly unstable genes. This means the user 
must perform multiple iterations of BestKeeper manually. The process is left open to user 
errors like removal of stable genes that should actually be part of the NF. 
GeNorm uses a pairwise method of comparing gene stabilities, providing a 
ranking of the genes to the user (Vandesompele et al., 2002). However, this means the 
final two most stable genes are not differentiated from one another. The final decision on 






using only one or both of these genes is left to the user’s interpretation of descriptive 
statistics like variation of gene expression. GeNorm also suggests a minimum number of 
genes to include in the NF. NormFinder provides rankings and stability values for all 
genes, without the drawback of leaving two undifferentiated genes like GeNorm. 
NormFinder follows a “net zero” approach to suggesting genes for NFs, balancing genes 
with equal but opposite expression changes (Andersen et al., 2004). The use of all three 
programs together and the simultaneous interpretation of all results allow the user to 
balance the advantages and disadvantages of each program. The different approaches of 
the programs often provide different results for NFs. Having three sets of results allows 
the user to determine the best NF using the consensus seen between the three programs 
(e.g., Spanier et al., 2010). 
In this chapter I measure several candidate reference genes for expression stability 
after exposure to the metals cadmium and copper. The goal is to identify the most stably 
expressed reference genes. These genes will be used in Chapter 3 as normalization factors 
in exposure studies for cadmium and copper to measure changes in genes of interest 
involved in stress response. 
Materials and Methods 
 H. azteca were exposed to sub-lethal concentrations of cadmium and copper for 
24 hours. RNA was then extracted and reverse transcribed. Expression of candidate 
reference genes was measured in all samples using RT-qPCR. Expression of each gene 
was assessed for stability using the programs BestKeeper, GeNorm, and NormFinder. 
The most stable genes in each treatment were used to form normalization factors (NFs). 






NFs are used to normalize expression of genes of interest in treatments to that in controls 
in gene expression studies. 
Candidate reference genes 
 Candidate reference genes include those tested in Chapter 1 and verified by PCR 
and sequencing: 40s ribosomal protein s23 (RpS23), 60s ribosomal protein l10 (RpL10), 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), tubulin alpha-1a chain (αTub), 
matrix metalloproteinase-15-like (Mmp), syntaxin-5-like isoform x2 (Syx), TATA-box-
binding protein (Tbp), ubiquitin (Ubi), and ubiquitin-conjugating enzyme e2 d2 (Ubc). 
Primers confirmed to produce single, repeatable amplification products for these gene 
transcripts in Chapter 1 were further tested for amplification efficiency and expression 
stability to assess their suitability as reference genes. 
I extracted RNA from four pooled samples of 20 adult H. azteca of mixed sex and 
two samples of 10 adult H. azteca using the method described in Chapter 1, with an 
additional on-column DNA digestion using an RNase-free DNase (Qiagen), following 
manufacturer’s instructions. I then performed cDNA synthesis as described in Chapter 1 
for all samples and their –RT controls. Amplification of candidate reference genes for 
each sample were added to wells of a LightCycler 480 Multiwell 96-well plates (Roche) 
in triplicate with the following reaction mixture: 10 µL of 2x SYBR Green I, 0.5 µL of 10 
µM of each primer, 5 µL of 1/10-diluted cDNA/-RT, and 4 µL of PCR grade water. 
Proper water controls were performed. Amplification was performed on a LightCycler 
480 qPCR machine (Roche) with the following: 1) a single pre-incubation period of 95 
°C for 10 min, 2) an amplification period consisting of 30 cycles of 95 °C for 15 s, 61 °C 






for 30 s, and 72 °C for 30 s, with a single fluorescence measurement performed at the end 
of each cycle, 3) a single melting curve analysis of 95°C for 0.05 s followed by an 
increase of 0.5 °C/cycle from 65 °C to 97 °C, with 5 fluorescence readings/°C, and 4) a 
cooling period of 40 °C for 1 min. I calculated efficiencies for each primer set from the 
individual RT-qPCR reactions using the real-time PCR Miner algorithm (Zhao and 
Fernald, 2005; http://ewindup.info/miner/).  
Cadmium and copper exposures 
 Cadmium and copper were chosen from the metals listed on the U.S. EPA’s list of 
priority pollutants based on pre-existing toxicological data for H. azteca (U.S. EPA, 
2012). Given a 24-hour LC50 of 55 µg/L for cadmium exposure as cadmium chloride for 
H. azteca obtained from the U.S. EPA’s ECOTOX database, I chose an exposure 
concentration of 1.2 µg/L, 4% of the LC50 (Werner and Nagel, 1997). While 24-hour 
exposure data were not available, the average 48-hour LC50 for copper exposure as 
copper sulfate for H. azteca was calculated as 123.25 µg/L based on values obtained from 
the ECOTOX database (Suedel et al., 1996; Huggett et al., 2001; Mastin and Rodgers, 
2000; Cherry et al., 2002). To obtain sub-lethal effects for only a 24-hour exposure, I 
chose a concentration of 3.6 µg/L, 6% of the LC50, for copper. Cadmium chloride 
(Sigma Aldrich) and cupric sulfate (Sigma Aldrich) were made as 1 mg/L stock solutions 
in deionized water. These low concentrations of both metals based on published LC50 
values were used to obtain sublethal effects. The goal was to test reference genes at 
sublethal exposure concentrations at which measurement of mortality or other life history 
parameters would not differentiate between a control and an exposure. Changes detected 






in stress response genes and normalized with reference genes at sublethal concentrations 
would thus serve as more sensitive biomarkers of exposure than life history parameters. 
Experimental units consisted of round glass specimen dishes (10 cm diameter, 5.5 
cm height, approximately 350 mL maximum volume) with 200 mL of reconstituted fresh 
water (pH 7.84, conductivity 307 µS/cM) made in accordance to U.S. EPA (2000) as 
follows: 10 L deionized water, 0.5 g CaSO4 (Colorado Scientific), 0.5 g CaCl2 (J. T. 
Baker), 0.3 g MgSO4 (Sigma-Aldrich), 0.96 g NaHCO3 (Sigma-Aldrich), and 0.04 g KCl 
(Sigma-Aldrich). Each dish had an air bubble and a 4” x 4” piece of plastic mesh 
substrate. Reconstituted water was aerated for 24 hours. Cadmium, copper, and control 
exposures were replicated in triplicate, giving a total of nine dishes. Twenty adult H. 
azteca caught on a number 60 standard sieve were added to each replicate dish (180 total 
H. azteca used) with approximately 2 mg of crushed Tetramin tropical fish food and 
acclimated for 24 hours.  
After the 24-hour acclimation period, I removed 232 or 720 µL of water in the 
cadmium and copper exposures, respectively, and replaced it with the same volume of the 
appropriate 1 mg/L stock solution of either cadmium chloride or copper sulfate. This 
yielded the desired concentrations of 1.2 and 3.6 µg/L for the cadmium chloride and 
copper sulfate exposures, respectively. All exposures started at 08:00 and ended at 08:00 
the following day, a typical 24 hour exposure time for aquatic toxicity testing looking at 
gene expression (e.g., Heckmann et al., 2006; Poynton et al., 2011). I also assembled 
equal numbers of replicates of both chemical exposures and controls and allowed them to 
run for 48 hours to test for effects of the metals on survival. During these exposures a 






16:8 light:dark cycle was used, with light beginning at 07:00 each day. The total number 
of surviving H. azteca in each 24 and 48-hour replicate was recorded. The proportion of 
amphipods surviving from each replicate was arcsine square root transformed and 
analyzed using the non-parametric Kruskal-Wallis analysis of variance in SAS statistical 
software (v.9.4). This non-parametric equivalent to the ANOVA was chosen because the 
small sample size would not allow accurate examination of assumptions of ANOVA like 
conforming to a normal distribution or of other assumptions of parametric tests in 
general. Non-parametric tests are not constrained by these assumptions, though they lose 
power compared to a parametric test if the data do conform to parametric assumptions. 
Reference gene expression analysis 
 I collected ten H. azteca from each 24-hour replicate dish by straining through a 
number 60 standard sieve. The ten H. azteca were placed into microcentrifuge tubes 
containing 200 µL of RNAlater (Sigma Aldrich), flash frozen in liquid nitrogen, and 
stored at -80°C until further processing. RNA extraction was performed using the 
protocol described in Chapter 1 with an additional on-column DNA digestion of the 
extracted total RNA using an RNase-free DNase (Qiagen), following the manufacturer’s 
instructions. I sent frozen aliquots of each RNA sample (5 µL) for bioanalysis at the 
University of Maryland Genomics Core. Bioanalysis was performed on a Agilent 2100 
Bioanalyzer to determine RNA quantity and quality via electrophoresis. RNA samples 
were stored at -80°C until cDNA synthesis. cDNA synthesis was performed as described 
in Chapter 1. Simultaneous reactions were performed for each sample without reverse 
transcriptase (-RT) as a control. 






 I performed RT-qPCR on a Roche LightCycler 480 Real-Time PCR machine in 
the Genomics Core at the University of Maryland. Each well of the LightCycler 480 
Multiwell 96-well plates (Roche) consisted of 10 µL of 2x LightCycler 480 SYBR Green 
I Master mix (Roche), 0.5 µL of 10 µM of each primer, 5 µL of 1/10-diluted cDNA, and 
4 µL of PCR grade water. Three technical replicates of each biological replicate were 
performed. Appropriate cDNA-free –RT controls were used for all treatments, each with 
three technical replicates. Template-free water controls were run, also with three 
replicates. The optimized RT-qPCR protocol used was as follows: 1) a pre-incubation 
period of 95 °C for 10 min, 2) an amplification period consisting of 30 cycles of 95 °C 
for 15 s, 61 °C for 30 s, and 72 °C for 30 s, with a single fluorescence measurement 
performed at the end of each cycle, 3) a single melting curve analysis of 95 °C for 0.05 s 
followed by an increase of 0.5 °C/cycle from 65 °C to 97 °C, with 5 fluorescence 
readings/°C, and 4) a cooling period of 40 °C for 1 min. I determined cycle threshold (Ct) 
values using fit point analysis on manufacturer provided LightCycler 480 Software 
release 1.5.0 SP3 (version 1.5.0.39).  
The mean of the Ct values of all technical replicates served as the Ct value of each 
biological replicate. I calculated delta Ct values (ΔCt) using equation (1) for each 
replicate for each gene, where ε is the efficiency of the primer for the gene being 
analyzed, Ctgene,min is the minimum Ct value of the gene being analyzed across all 
replicates, and Ctx is the Ct value of the biological replicate being analyzed. This served 
to calibrate all values against the lowest expression value. I analyzed results for stability 
of reference gene transcripts using BestKeeper (Pfaffl et al., 2004), GeNorm 
(Vandesompele et al., 2002), and NormFinder (Andersen et al., 2004). While Ct values 






were used in BestKeeper, ΔCt values were used in GeNorm and NormFinder. I then used 
the most stable genes to calculate a normalization factor (NF) for each treatment-control 
pair, i.e. one NF each for the cadmium and copper treatments, one NF for the control as 
calculated using the most stable genes for cadmium, and one NF for the control as 
calculated using the most stable genes for cadmium. I calculated NFs as the geometric 
mean of the ΔCt values of all biological replicates. The geometric mean has better control 
for outlying values and abundance differences between genes (Vandesompele et al., 
2002). 
1   ∆𝐶𝑡! = 𝜀!"!"#",!"#!!"!  
I calculated the standard error of the mean of the NF (NFsem) incorporating 
proper error propagation using equation (2), where ΔCtsemx is the standard error of the 
mean of the ΔCt value of the first gene in the NF, ΔCtx is the ΔCt value of the first gene 
in the NF, ΔCtsemi is the standard error of the mean of the last gene in the NF, and ΔCti 
is the ΔCt value of the last gene in the NF. 











 Ct values did not differ between samples derived from ten versus twenty H. 
azteca. Evaluation of primer efficiencies produced single strong melting peaks in cDNA 
samples for all primers, indicating lack of contamination or primer dimers (Figure 2.1). 






Some melting peaks appeared from –RT controls and water reactions. This is likely due 
to genomic DNA contamination. Primer efficiencies ranged from 79% to 87%, below the 
optimum efficiency range of 90-105% (Table 2.1). Primer efficiencies were significantly 
different from one another (two-way ANOVA, α=0.05, F=10.69 (8, 18), p<0.0001). The 
highest efficiency primer, RpS23, and the lowest efficiency primers, RpL10, Gapdh, and 
Syx2, were removed from the analysis one at a time as analysis of the differences of least 
squares means indicated these four efficiencies were driving the significant difference. 
Analysis was repeated after each removal. After all four primer sets were removed from 
analysis, no significant differences existed between the efficiencies of the remaining 
primers (two-way ANOVA, α=0.05, F=0.6 (4, 10), p=0.67). RpS23, RpL10, Gapdh, and 
Syx2 were therefore excluded as reference genes from all subsequent experiments. 
Performing future experiments with only primers with equivalent efficiencies allows 
simpler analysis of gene expression downstream. The mean efficiency (± SD) of the 
remaining primers was 84.8 ± 0.84%. 



















Table 2.1: Amplification efficiencies of reference primers 
Primer set Efficiency % (mean ± standard deviation) 
RpS23 87 ± 0.6 
RpL10 79 ± 0.3 
Gapdh 81 ± 0.6 
αTub 85 ± 0.4 
Mmp 84 ± 1.6 
Syx2 82 ± 0.3 
Tbp 86 ± 0.9 
Ubi 85 ± 0.7 
Ubc 84 ± 0.1 
 
H. azteca survival 
 Mean survival (± SD) in the 24 hour control, cadmium, and copper exposures was 
96.7 ± 2.9%, 100 ± 0%, and 93.3 ± 2.9%, respectively, and in the 48 hour exposures was 
93.3 ± 7.63%, 98.3 ± 2.9%, and 93.3 ± 2.9%, respectively. No significant effect of the 
metals on survival was found at either 24 hours (Kruskal-Wallis analysis of variance, 
Χ2=5.63, df=2, P=0.086) or 48 hours (Kruskal-Wallis analysis of variance, Χ2=2.44, 
df=2, P=0.46). 
Normalization factor analyses  
 Extracted samples of RNA were of high concentration and good quality according 
to bioanalysis (Table 2.2). Descriptive statistics of RT-qPCR results are of the threshold 
(Ct) values (Table 2.3). The Ct value is the PCR cycle at which the signal from the 
sample became higher than the background noise present during data acquisition from 
source such as 96-well plate autofluorescence. The standard deviation of the Ct value 
represents the stability of a gene’s expression across samples from the same treatment. 
Lower standard deviations show a gene that is similarly expressed across all samples. 
 







Table 2.2: Bioanalysis results of total RNA concentration and quality 




Control 1 1,513 7.3 
2 720 7.4 
3 1,244 7.8 
Cadmium 1 1,134 6.2 
2 914 6.5 
3 1,167 6.5 
Copper 1 989 8.3 
2 1,476 6.7 
3 1,367 6.0 
 
  







































































































































































































































































































































































































































































For the cadmium exposure, the BestKeeper repeated pair-wise correlation 
analyses revealed αTub, Mmp, and Ubi to have the highest r2 values when correlated to 
the BestKeeper index (Table 2.4). GeNorm and NormFinder both found αTub and Mmp 
to be the most stably expressed genes for the cadmium exposure (Table 2.6). For the 
copper exposure BestKeeper found αTub, Mmp, and Ubi to have the highest r2 values 
when correlated to the BestKeeper index (Table 2.5). Mmp and αTub were most stable 
under GeNorm analysis for the copper exposure, while Mmp and Ubi were most stable 
under NormFinder analysis (Table 2.6). All genes ranked by their stability and suitability 
as reference genes are found in Table 2.7. 
The genes chosen to form the NF for each exposure were selected based on the 
consensus on their stability between all three programs. αTub and Mmp formed the NF 
for the cadmium exposure, and αTub, Mmp, and Ubi formed the NF for the copper 
exposure. NFs were calculated for the exposure and the control separately for each metal 
because the genes comprising the NF differed between the two treatments. NFs were 0.29 
and 0.83 for the cadmium treatment and its control, respectively, and 0.39 and 0.81 for 















Table 2.4: Coefficients of correlation (r values) and P-values from the BestKeeper repeated pair-
wise correlation analysis for the cadmium exposure 
Vs. αTub Mmp Tbp Ubi Ubc 
Mmp 0.975 - - - - 
P-value 0.001 - - - - 
Tbp 0.818 0.886 - - - 
P-value 0.047 0.019 - - - 
Ubi 0.960 0.934 0.802 - - 
P-value 0.002 0.006 0.055 - - 
Ubc 0.916 0.842 0.656 0.970 - 
P-value 0.010 0.036 0.157 0.001 - 
BestKeeper index 0.984 0.978 0.879 0.982 0.922 
Coefficient of 
determination (r2) vs. 
BestKeeper 0.97 0.96 0.77 0.96 0.85 
P-value 0.001 0.001 0.021 0.001 0.009 
 
Table 2.5: Coefficients of correlation (r values) and P-values from the BestKeeper repeated pair-
wise correlation analysis for the copper exposure 
Vs. αTub Mmp Tbp Ubi Ubc 
Mmp 0.996 - - - - 
P-value 0.001 - - - - 
Tbp 0.897 0.914 - - - 
P-value 0.015 0.011 - - - 
Ubi 0.956 0.977 0.948 - - 
P-value 0.003 0.001 0.004 - - 
Ubc 0.878 0.907 0.966 0.959 - 
P-value 0.021 0.013 0.002 0.002 - 
BestKeeper index 0.972 0.985 0.966 0.992 0.962 
Coefficient of 
determination (r2) vs. 
BestKeeper 0.95 0.97 0.93 0.98 0.93 
P-value 0.001 0.001 0.002 0.001 0.002 
 
Table 2.6: Expression stability values from GeNorm and NormFinder analyses 
 GeNorm NormFinder 
Gene Cadmium Copper Cadmium Copper 
αTub 0.414 0.363 0.097 0.114 
Mmp 0.419 0.318 0.079 0.052 
Tbp 0.695 0.467 0.275 0.130 
Ubi 0.505 0.355 0.204 0.083 











Table 2.7: Ranking of all references genes by expression stability 
 Cadmium Copper 






Ubc αTub/Mmp Mmp Ubc αTub/Mmp Mmp 
αTub Ubi αTub Mmp Ubi Ubi 
Mmp Ubc Ubi αTub Tbp αTub 
Ubi Tbp Tbp Ubi Ubc Tbp 




Candidate reference genes for gene expression normalization were measured in H. 
azteca exposed to cadmium and copper. The software programs BestKeeper, GeNorm, 
and NormFinder determined the most stably expressed candidate genes. These genes 
were used together to form normalization factors (NFs) to be used to normalize 
expression of stress-response genes after cadmium and copper exposure. Normalization 
helps eliminate the variability introduced from non-biological sources, an important tool 
in the sensitive process of gene expression measurement. αTub and Mmp formed the NF 
for the cadmium exposure, and αTub, Mmp, and Ubi formed the NF for the copper 
exposure. 
The NFs developed here are based on consensus findings between three different 
reference gene analysis programs: BestKeeper, GeNorm, and NormFinder. All three look 
at the variation in the expression of the candidate reference genes as a measure of 
stability but in different ways. The results from GeNorm and NormFinder were much 
more similar to one another than to those from BestKeeper. This is caused by a couple 
key differences in the programs. BestKeeper looks only at the variability in expression of 
a single gene without distinguishing between or comparing treatments and controls. 
GeNorm compares genes to one another also without distinguishing. NormFinder 






compares genes across groups, taking treatments and controls into account. Ubi has very 
low variation in its expression, so it is highly ranked by BestKeeper. However, the 
expression of Ubi is very different when compared to the other genes, giving it a low 
rank by GeNorm and NormFinder. The difference in gene stability can be attributable to 
the difference in input values as well. While GeNorm and NormFinder both use relative 
ΔCt values, BestKeeper uses Ct values. Because this similarity in input values allowed 
direct comparison between the two programs, the results from GeNorm and NormFinder 
were given greater weight when deciding which reference genes to use in the NFs. 
 NFs developed here are useful for expression studies but only under the 
conditions investigated. The stability of gene expression can change rapidly when 
concentrations, stressors, ambient conditions, or the test organism are changed. When 
European honey bees (Apis mellifera) were exposed to the biological stressor Escherichia 
coli, an NF consisting of Act, GAPDH, and RPS18 was used (Scharlaken et al., 2008). 
RPS18, RPL4, ARF1, and ARF4 were most stable when comparing different life stages of 
Colorado potato beetle (Leptinotarsa decelmineata) (Shi et al., 2013). RPS3, RPS18, and 
RPL13a served as the NF for the red flour beetle (Tribolium castaneum) after exposure to 
the entomopathogenic fungus Beauveria bassiana (Lord et al., 2010). The NF for Vibrio 
spendidus exposure in soft-shell clams (Mya arenaria) consisted of EF-1, RPS18, and 
Ubi (Araya et al., 2008), while that for ostreid herpesvirus stress in Pacific oyster 
(Crassostrea gigas) consisted of RPL7 and RPS18. In Daphnia pulex genes Xbp1, Tbp, 
CAPON, and Syx16 formed the NF for expression studies after exposure to predator stress 
from Chaoborus (Spanier et al., 2010). In D. magna after exposure to ibuprofen, 
GAPDH, Ubc, and Act served as the NF (Heckmann et al., 2006).  






Some potential reference genes appear useful in more varied situations that others, 
such as RPS18, as seen above. Many of the reference genes investigated for H. azteca 
were also considered for use or used in NFs in these other species under different 
exposure conditions. While the sets of genes investigated stays fairly constant between 
these different species and exposures, the genes that prove to be stable varies widely. 
This underlines the importance of performing expression analysis of reference genes 
under every new set of experimental conditions. 
When using whole tissues or whole specimens as I did here with H. azteca, 
traditional methods of mRNA level normalization like normalizing to sample size, such 
as the number of cells or tissue volume, is not possible (Vandesompele et al., 2002). 
Normalization has therefore moved towards using the expression of a stably expressed 
housekeeping gene. Given the increasing sensitivity of gene expression measurement 
technology, many housekeeping genes previously used as stable reference genes now are 
known to change in expression under certain conditions (e.g., Heckmann et al., 2006; 
Hauton et al., 2009). Thus these “classic” reference genes may not always serve as 
effective reference genes. This led to the development of NFs using multiple 
housekeeping genes. 
 NFs provide a robust method of normalization that can be used reliably in 
sensitive applications. The NF strategy does have drawbacks however. Measuring 
multiple reference genes can add significant cost and time to sample processing. Limited 
amount of sample RNA can also limit the use of multiple reference genes. Finally NFs 
use only the most stable combination among the reference genes investigated. These 






genes may less stable than other unmeasured reference genes (Huggett et al., 2005). 
Currently the one alternative that potentially matches NFs in terms of reliability is the use 
of artificial molecules synthesized and introduced into the samples at known 
concentrations (Bustin and Nolan, 2004). The development of these artificial molecules is 
costly in both money and time. For these reasons NFs remain the current gold standard 
for expression normalization. 
 These NFs for cadmium and copper exposure serve important quality control 
purposes in the measurement of gene expression biomarkers in H. azteca. Ensuring 
accurate quantification of expression responses is critical for using these biomarkers for 
detecting sub-lethal levels of contaminants in the environment. Normalization of gene 
expression using unstable reference genes can lead to over or underestimating the 
magnitude of the biomarker response, which in turn leads to incorrect risk management 
decisions (e.g., Spanier et al., 2010). The appropriate use of these NFs in measuring stress 
response gene biomarkers is demonstrated in Chapter 3 for cadmium and copper. The 











Chapter 3: Alterations of gene expression in Hyalella azteca as 
biomarkers of exposure to cadmium and copper 
Abstract 
 Biomarkers based on changes in gene expression promise to detect much lower 
levels of chemical stressors than biomarkers based on cell or tissue damage or changes in 
survival. Cadmium and copper are known to induce expression changes in detoxification 
genes involved in eliminating reactive oxygen species created by these metals. These 
genes include those for superoxide dismutase, catalase, and glutathione S-transferase. 
These molecular biomarkers have been tested in aquatic organisms under aqueous 
exposure, but no matching work has been performed with organisms associated with 
sediment. Sediments bind and accumulate metals, giving benthic organisms potentially 
higher exposures than organisms in the water column. Here the epibenthic amphipod 
Hyalella azteca was exposed to sublethal concentrations of cadmium and copper. 
Expression of stress-response genes in H. azteca was measured after a 24-hour exposure. 
Both cadmium and copper exposure induced expression of a cap n’ collar protein gene 
(Cnc), the ABC transporter Mrp4 (Mrp4), and heat shock protein 90 (Hsp90). Cadmium 
uniquely induced expression of a DNA repair protein RAD51 gene (Rad51) and also 
induced 3.5-fold higher expression of Mrp4 than copper did. The expression of these 
genes can serve as biomarkers of exposure to these metals in H. azteca, providing a 
sensitive method for detecting very low environmental levels of cadmium and copper. 
The importance of these biomarkers for ecological risk assessment and future work to 
develop the biomarkers in H. azteca are discussed. 







Metals released from human activities are now a nearly ubiquitous environmental 
contaminant. Multiple trophic levels are exposed to metals through direct accumulation 
and trophic transfer (Watras et al., 1998; Nussey et al., 2000; Vinodhini and Narayanan, 
2008). Though generalizations about the behavior of metals in aquatic food webs are 
difficult because of differences between organisms, habitats, and metals, there is evidence 
for some specific situations. Cadmium and copper are both of concern in the environment 
because of their increasing prevalence from human activities and their potential toxicity 
(ATSDR, 2004; Pan et al., 2010; ATSDR, 2012). Both metals show evidence of 
bioaccumulation and biomagnification in certain environments or in short food chains 
(Croteau et al., 2005; Mathews and Fisher, 2008), but not in others (Barwick and Maher, 
2003). Given their potential for bioaccumulation and biomagnification, we must detect 
very low exposures of cadmium and copper to mitigate the risk of adverse effects. 
Cadmium acts as a calcium antagonist, disrupting calcium uptake (Verbost et al., 
1987; Verbost et al., 1988; Verbost et al., 1989). The most famous case of cadmium’s 
calcium antagonism is itai-itai (“ouch-ouch”) disease, which appeared in Japan around 
1912 as mine effluent high in cadmium began contaminating local water resources. 
Named for the cries of those afflicted, itai-itai disease was characterized by decreased 
bone mass due to decalcification by cadmium, bone deformities, and fractures. Similar to 
the effects on human bone, this decreased calcium uptake can also alter the 
biomineralization of calcium carbonate in the arthropod exoskeleton, potentially leading 
to malformations and inhibited growth (Machado and Lopes-Lima, 2011). Cadmium 
catalyzes the formation of reactive oxygen species (ROS), such as hydrogen peroxide 






(Pinot et al., 2000). This oxidative stress leads to lipid peroxidation, membrane and tissue 
damage, impaired cellular functions, and DNA breaks (Stohs and Bagchi, 1995; Dally 
and Hartwig, 1997; Stohs et al., 2000). 
Molecular responses to cadmium exposure are intended to eliminate cadmium 
from the body and prevent and repair damage. ABC transporters within the subfamilies 
ABCB and ABCC efflux cadmium from cells to make it available for elimination (Oh et 
al., 2009; Della Torre et al., 2012; Bourdineaud et al., 2015). Metallothionein and ferritin 
bind cadmium to prevent further damage and can transport cadmium to elimination sites 
(Shaw et al., 2007; Fan et al., 2008; Connon et al., 2008). Superoxide dismutases (SODs) 
and catalases which breakdown the radicals produced by cadmium are often upregulated 
(Connon et al., 2008; Lyu et al., 2014; Liping et al., 2014). Glutathione S-transferases 
(GSTs), antioxidant proteins, also respond to oxidative stress to eliminate radical 
compounds (Poynton et al., 2007; Lee et al., 2008). A wide variety of heat shock proteins 
(HSPs) are also upregulated. HSPs respond to many stressors and are generally involved 
in chaperone activity and translocation of proteins into organelles, both activities to 
sequester other proteins from cadmium damage (Werner and Nagel, 1997; Liping et al., 
2014; Zhang et al., 2015). 
Copper also catalyzes the formation of ROS, causing much of the same damage as 
with cadmium: lipid membrane peroxidation, tissue damage, and formation of DNA 
strand breaks (Stohs and Bagchi, 1995). The response to copper-induced damage is also 
similar to that of cadmium. Upregulation is seen in metallothionein, ferritin, HSPs, GSTs, 
and SOD (Correia et al., 2002; Lee et al., 2008; Poynton et al., 2008a; Poynton et al., 






2008b; Ki et al., 2009). An interesting decrease in expression of immune response genes 
is seen after copper exposure including genes for lectins and beta-1,3-glucan binding 
protein (LGBP), a change that could leave an exposed organism more susceptible to other 
stressors (Poynton et al., 2007; Poynton et al., 2008a).  
Changes in expression of genes involved in the response to stressors and their 
damage are more sensitive biomarkers of exposure than the damage itself. Expression 
induction or repression can occur at levels of the stressor much lower than those required 
for visible damage to cells or tissues or for changes in survival or behavior. Here I aim to 
identify stress-response genes in H. azteca that respond to exposure to cadmium and 
copper. Many of the genes described above as responding to cadmium or copper in other 
organisms will be analyzed for expression changes following exposure to sub-lethal 
concentrations of these metals. Increased expression is expected in genes for catalase, 
GST, SOD, and ferritin after exposure to both cadmium and copper. Decreased 
expression in the immune response-related lectin and LGBP genes is anticipated for 
exposure to copper only. Analysis of changes in the expression of these genes will reveal 
which genes respond in a general manner to both metals and which show responses 
specific to one metal versus the other. These expression changes can serve as biomarkers 
of exposure and important lines of evidence in ERA for these metals. 
Materials and Methods 
 H. azteca were exposed to sub-lethal concentrations of cadmium and copper for 
24 hours. RNA was then extracted and reverse transcribed. Expression of metal stress-
related genes was measured in controls and treatments using RT-qPCR. Expression was 






normalized using the NFs developed in Chapter 2. The normalized expression of each 
gene was compared between treatments and the control to develop fold changes in 
expression. 
Gene of interest primer design and testing 
 I designed RT-qPCR primers for genes of interest (GOI) using online design tools 
from IDT DNA and GenScript (Table 3.1; Appendix D). I tested the primers using the 
same two samples of H. azteca cDNA used in Chapter 1 to test reference primers. PCR 
reactions consisted of the following: 10 µL of 2x PCR Master Mix (SydLabs), 1 µL 
cDNA, 1 µL of 100 µM forward primer, 1 µL of 100 µM reverse primer, 7 µL PCR grade 
water. PCR was run with the following cycles: 1) 1 cycle of 95ºC for 2 minutes; 2) 25 
cycles of 95ºC for 15 seconds, 57ºC for 15 seconds, and 72ºC for 30 seconds; 3) 1 cycle 
of 72ºC for 7 minutes; 4) held 4ºC indefinitely until PCR products were stored at -20ºC. 
All reactions were paired with a negative control with 1 µL of water added instead of 
cDNA. I ran PCR products on a 4% agarose gel at 110 V for 40 minutes along with a 10 
bp DNA ladder (Life Technologies) and visualized the gel using ethidium bromide and a 
UV camera system. Products were sent to GENEWIZ, Inc. for Sanger sequencing using 
the forward primer of each primer set as the sequencing primer. I aligned experimental 
PCR product sequences to their corresponding expected amplicon sequences (Appendix 
E) and analyzed for percent similarity using EMBOSS Water (Rice et al., 2000). I was 
unable to include genes for metallothioneins (MTs), important contributors to metal 
sequestration and excretion, because no MTs were captured in the transcriptome analysis 
(Oh et al., 2009). Upon completion of the H. azteca genome, additional analysis of 
samples for any annotated MTs would be of great utility to the present study, as they 






have previously been implicated in cadmium resistance in another amphipod species 
Gammarus pulex (Stuhlbacher and Maltby, 1992). 
Table 3.1: GOI transcripts identified in the H. azteca transcriptome and their corresponding 
primers 
Transcript name Abbreviation Forward primer 
sequence (5’ - 3’) 
Reverse primer 
sequence (5’ - 3’) 
Amplicon 
length (nt) 





































































































RNA was extracted from three pooled samples of twenty mixed-sex H. azteca. 
cDNA synthesis was performed with appropriate -RT controls as described in Chapter 1. 






cDNA and -RT controls were added to wells of a Roche LightCycler 480 96-well plate in 
duplicate. The mixture for each reaction was 10 µL of 2x SYBR Green I, 0.5 µL of 10 
µM of each primer, 5 µL of diluted cDNA, and 4 µL of PCR grade water. Six replicates 
of a water negative control were performed for each primer. RT-qPCR cycles used on the 
LightCycler 480 RT-qPCR machine were as follows: 1) a single pre-incubation period of 
95 °C for 10 min, 2) an amplification period consisting of 35 cycles of 95 °C for 15 s, 61 
°C for 30 s, and 72 °C for 30 s, with a single fluorescence measurement performed at the 
end of each cycle, 3) a single melting curve analysis of 95°C for 0.05 s followed by an 
increase of 0.5 °C/cycle from 65 °C to 97 °C, with 5 fluorescence readings/°C, and 4) a 
cooling period of 40 °C for 1 min. I calculated primer efficiencies for each primer set 
from the individual RT-qPCR reactions using the real-time PCR Miner algorithm (Zhao 
and Fernald, 2005; http://ewindup.info/miner/). I then analyzed primer efficiencies of 
GOI primers and reference primers from Chapter 2 together in a two-tailed ANOVA to 
test for significant differences.  
Cadmium and copper exposure 
 The same samples of cDNA from H. azteca exposed to cadmium or copper in 
Chapter 2 were used for analysis of GOI. This decreased the variation that would be 
introduced by analyzing reference genes and GOI across different experimental 
exposures. Details of exposures, including organisms, chemicals, and treatments, are 
found in Chapter 2. 







 The same optimized RT-qPCR protocol described above for measuring primer 
efficiencies was used for measurement of GOI expression. All biological replicates were 
plated with three technical replicates. Cycle threshold (Ct) values were calculated using 
fit point analysis on LightCycler 480 Software release 1.5.0 SP3 (version 1.5.0.39). The 
means of Ct values of all technical replicates were calculated as the Ct values for each 
biological replicate. I calculated delta (Ct) values (ΔCt) using equation (1) for each 
replicate for each gene, where ε is the efficiency of the primer for the gene being 
analyzed, Ctgene,min is the minimum Ct value of the gene being analyzed across all 
replicates, and Ctx is the Ct value of the biological replicate being analyzed. This served 
to calibrate all values against the lowest expression value. 
1   ∆𝐶𝑡 = 𝜀!"!"#",!"#!!"! 
I calculated normalized expression levels (NELs) by dividing each ΔCt value by 
the corresponding normalization factor (NF) from Chapter 2. The standard error of the 
mean (sem) of all NELs was calculated incorporating proper error propagation using 
equation (2), where NELsemx is the standard error of the mean of the NEL for the gene 
being analyzed, NELx is the NEL of the same gene, NFsem is the standard error of the 
mean of the NF, ΔCtsemx is the standard error of the mean of the ΔCt value of the same 
gene, and ΔCtx is the ΔCt value of the same gene. 















The relative fold change (RFC) in expression of each gene was then calculated 
relative to the control using equation (3). The standard error of the mean of each RFC 
(RFCsem) was calculated incorporating proper error propagation using equation (4). 




4   𝑅𝐹𝐶𝑠𝑒𝑚! = 𝑁𝐸𝐿𝑠𝑒𝑚!,!"#$!%#&!! + 𝑁𝐸𝐿𝑠𝑒𝑚!,!"#$%"&!  
Relative expression levels (RELs) were calculated for each gene as the NEL of 
that gene’s expression in each individual replicate divided by the geometric mean of the 
expression of that gene in the control. The geometric mean of the RELs of all replicates 
of a treatment for a single gene is equal to the RFC of that gene for that treatment. RELs 
allow for statistical analysis of expression values using all replicates. RELs were 
analyzed with a Wilcoxon rank-sum test in SAS using the proc npar1way procedure. 
Results 
Gene of interest primer design 
 PCR products for GOI primers Cnc, Gst, Fer, Lectin-1, Lectin-4, Mrp4, Sod, 
Lgbp, and Amy appeared at the expected positions on the agarose gel (Figure 3.1 - bright 
band in lanes 1 and 14 is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) Cnc negative control, 
3) Cnc sample 1, 4) Cnc sample 2, 5) Keap negative control, 6) Keap sample 1, 7) Keap 
sample 2, 8) Gst negative control, 9) Gst sample 1, 10) Gst sample 2, 11) Hsp70 negative 
control, 12) Hsp70 sample 1, 13) Hsp70 sample 2, 14) 10 bp DNA ladder, 15) Fer 
negative control, 16) Fer sample 1, 17) Fer sample 2, 18) Cat negative control, 19) Cat 






sample 1, 20) Cat sample 2, 21) Lectin-1 negative control, 22) Lectin-1 sample 1, 23) 
Lectin-1 sample 2, 24) Lectin-4 negative control, 25) Lectin-4 sample 1, 26) Lectin-4 
sample 2) (Figure 3.2 - bright band in lanes 1 and 14 is at 100 bp. Lanes: 1) 10 bp DNA 
ladder, 2) Mrp4 negative control, 3) Mrp4 sample 1, 4) Mrp4 sample 2, 5) Mrp5 negative 
control, 6) Mrp5 sample 1, 7) Mrp5 sample 2, 8) Sod negative control, 9) Sod sample 1, 
10) Sod sample 2, 11) Lgbp negative control, 12) Lgbp sample 1, 13) Lgbp sample 2, 14) 
10 bp DNA ladder, 15) Cyp2c9 negative control, 16) Cyp2c9 sample 1, 17) Cyp2c9 
sample 2, 18) Cyp18a1 negative control, 19) Cyp18a1 sample 1, 20) Cyp18a1 sample 2, 
21) Amy negative control, 22) Amy sample 1, 23) Amy sample 2, 24) Rad51 negative 
control, 25) Rad51 sample 1, 26) Rad51 sample 2). 
Initial primers for Keap, Hsp70, Cat, Mrp5, Cyp2c9, Cyp18a1, and Rad50 did not 
produce bands. New primers were designed for Keap, Cat, and Mrp5, as well as new 
transcripts for cytochrome P450 2j2 (Cyp2j2), heat shock 70 kDa protein 4 (Hsp704), and 
DNA repair protein RAD51 (Rad51) (Table 3.2). Of these new primers, those for Hsp704 
and Rad51 worked (Figure 3.3 - bright band in lanes 1 and 14 is at 100 bp. Lanes: 1) 10 
bp DNA ladder, 2) Keap2 negative control, 3) Keap2 sample 1, 4) Keap2 sample 2, 5) 
Cyp2j2 negative control, 6) Cyp2j2 sample 1, 7) Cyp2j2 sample 2, 8) Cat2 negative 
control, 9) Cat2 sample 1, 10) Cat2 sample 2, 11) Mrp5-2 negative control, 12) Mrp5-2 
sample 1, 13) Mrp5-2 sample 2, 14) 10 bp DNA ladder, 15) Hsp704 negative control, 16) 
Hsp704 sample 1, 17) Hsp704 sample 2, 18) Rad51 negative control, 19) Rad51 sample 
1, 20) Rad51 sample 2). 






A final round of primers were designed for Keap, Cat, and Mrp5, along with 
primers for new transcripts for heat shock protein 90 (Hsp90) and cytochrome P450 
(Cyp) (Table 3.3). Of these final primers, only those for Cat and Hsp90 worked (Figure 
3.4 - bright band in lanes 1 and 14 is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) Mrp5-3 
negative control, 3) Mrp5-3 sample 1, 4) Mrp5-3 sample 2, 5) Cat3 negative control, 6) 
Cat3 sample 1, 7) Cat3 sample 2, 8) Cat4 negative control, 9) Cat4 sample 1, 10) Cat4 
sample 2, 11) Hsp90 negative control, 12) Hsp90 sample 1, 13) Hsp90 sample 2, 14) 10 
bp DNA ladder, 15) Cyp negative control, 16) Cyp sample 1, 17) Cyp sample 2, 18) 
Keap3 negative control, 19) Keap3 sample 1, 20) Keap3 sample 2, 21) Keap4 negative 
control, 22) Keap4 sample 1, 23) Keap4 sample 2). Sequenced PCR products are found in 
Table 3.4, and alignment results of PCR products and expected amplicons are found in 
Table 3.5. 
	  
Figure 3.1: PCR products from H. azteca cDNA using primers for Cnc, Keap, Gst, Hsp70, Fer, 
Cat, Lectin-1, and Lectin-4 
	  







Figure 3.2: PCR products from H. azteca cDNA using primers for Mrp4, Mrp5, Sod, Lgbp, 
Cyp2c9, Cyp18a1, Amy, and Rad51 
 
Table 3.2: Names and sequences of additional primers designed for Keap, Cyp2j2, Cat, Mrp5, 
Hsp704, and Rad51 
Transcript name Abbreviation Forward primer 
sequence (5’ - 3’) 
Reverse primer 

















































Figure 3.3: PCR products from H. azteca cDNA using primers for Keap, Cyp2j2, Cat, Mrp5, 
Hsp704, and Rad51 
 
Table 3.3: Names and sequences of additonal primers designed for Mrp5, Cat, Hsp90, Cyp, and 
Keap 
Transcript name Abbreviation Forward primer 
sequence (5’ - 3’) 
Reverse primer 














































































Table 3.4: Sequences of amplicons obtained through PCR 
Primer 
set 
Sample Product sequence 
Cnc 1 AGTTTCTTCCTCTAGACTGTTACTTGTATATTTTGGACAAGTTGGATTATTCG 
2 AGTTTCTTNCTCTAGACTGTTACTTGTATATTTTGGACAAGTTGGATTATTCG 
Gst 1 CGCCCCGGTTGGTANTATCTGCTG-AGCATGATGGCAAAGA 
2 ATGGNCCA-TCGCGCCGTTTGGGCGTATCTGNTGTGCCATGACGGCAAAGA 
Fer 1 CTCTCCTTAGGTGC-AGTGAGACGAG 
2 GNCTCTCCTTAGGTGC-AGTGAGACGAG 


















































Table 3.5: Alignment of transcriptome transcript sequences and those obtained through PCR 
Primer 
set 







Cnc 1 149 103 99 0 
2 149 103 98.1 0 
Gst 1 109 41 65.9 2.4 
2 109 51 76.5 2 
Fer 1 81 26 96.2 3.8 
2 81 28 92.9 3.6 
Lectin-1 1 122 80 96.2 0 
2 122 83 96.4 0 
Lectin-4 1 140 97 97.9 0 
2 140 99 100 0 
Mrp4 1 139 91 96.7 0 
2 139 90 97.8 0 
Sod 1 134 91 92.3 1.1 
2 134 91 96.7 2.2 
Lgbp 1 74 29 86.2 3.4 
2 74 29 93.1 0 
Amy 1 118 70 100 0 
2 118 73 100 0 
Hsp704 1 143 105 93.3 1 
2 143 102 93.1 0 
Rad51 1 115 76 89.5 1.3 
2 115 73 89 2.7 
Cat4 1 120 70 97.1 1.4 
2 120 79 88.6 1.3 
Hsp90 1 139 1 0 0 
2 139 92 96.7 1.1 
 
 GOI primer efficiencies ranged from 82% to 87% (Table 3.6). The significant 
difference existing between the efficiencies as indicated by two-tailed ANOVA (P<0.05) 
was eliminated by excluding the same reference primers as were excluded in Chapter 2 
(RpL10, Gapdh, and Syx2) as well as the GOI primers Amy and Hsp704 (two-tailed 
ANOVA after removal, α=0.05, F=1.34 (15, 32), P=0.24). By gaining equivalency of 
efficiencies among the primers, the more streamlined comparative Ct method can be used 
for expression analysis. 
 
 






Table 3.6: Amplification efficiencies of GOI primers 
Primer set Efficiency % (mean ± 1 
standard deviation 
Cnc 85 ± 0.3 
Gst 85 ± 0.3 
Fer 85 ± 0.5 
Lectin-1 85 ± 0.5 
Lectin-4 85 ± 0.9 
Mrp4 85 ± 1 
Sod 87 ± 0.9 
Lgbp 87 ± 0.4 
Amy 82 ± 0.6 
Hsp704 83 ± 0.1 
Rad51 86 ± 0.5 
Cat4 87 ± 0.9 
Hsp90 86 ± 0.4 
 
Gene of interest expression analysis 
 Significant increases in expression were seen in Cnc, Mrp4, Rad51, and Hsp90 in 
response to cadmium exposure (P<0.05) (Figure 3.5). Significant increase in expression 
of Cnc, Mrp4, and Hsp90 was seen in response to copper exposure (P<0.05) (Figure 3.6). 
Increased expression of Cnc, Mrp4, and Hsp90 was shared across both metals. 
Expression increase of Rad51 was specific to cadmium exposure, as was a much larger 
increase in expression of Mrp4. 







Figure 3.5: Fold change in gene expression of GOI in response to cadmium exposure. Bars are 
standard errors. Significant differences from control (P < 0.05) indicated by *. L1 and L4 stand 
for Lectin-1 and Lectin-4, respectively 
 







Figure 3.6: Fold change in gene expression of GOI in response to copper exposure. Bars are 
standard errors. Significant differences from control (P < 0.05) indicated by *. L1 and L4 stand 
for Lectin-1 and Lectin-4, respectively 
	  
Discussion 
 Expression of stress-response genes was measured in H. azteca after exposure to 
cadmium and copper to develop molecular biomarkers of exposure for these metals. 
Cadmium increased the expression of genes for the nuclear receptor Cnc, the ABC 
transporter Mrp4, the DNA repair protein Rad51, and the heat shock protein Hsp90. 
Copper increased expression Cnc, Mrp4, and Hsp90, but to a much lower degree than 
cadmium. Increases in the expression of Cnc, Mrp4, and Hsp90 were shared between 
cadmium and copper and could serve as general biomarkers of exposure to many 
different metals. Increased expression of Rad51 and a larger increase of Mrp4 expression 






compared to copper were unique to cadmium. These may be unique biomarkers for 
cadmium at these low concentration levels. 
Molecular biomarkers already used for cadmium exposure in freshwater include 
protein levels and gene expression of metallothioneins, ferritins, GSTs, and amylase 
(Amiard et al., 2006; Poynton et al., 2007; Soetaert et al., 2007b). Those for copper 
include metallothioneins, ferritins, lectins, and amylase (Correia et al., 2002; Amiard et 
al., 2006; Poynton et al., 2007; Poynton et al., 2008a; Poynton et al, 2008b). Significant 
changes in gene expression are seen in D. magna after exposure to LC5 levels of 
cadmium and copper (18 and 6 µg/L, respectively) (Poynton et al., 2007). 
Metallothionein protein concentrations in the amphipod Gammarus locusta responded to 
4 µg/L copper after a minimum exposure time of 6 days (Correia et al., 2002). Expression 
changes found here in H. azteca showed detection sensitivities similar to these previous 
biomarkers in other organisms. The genes shown to increase in expression to both 
cadmium and copper (Cnc, Mrp4, and Hsp90) can serve as additional biomarkers of 
exposure for either of these metals at very low concentrations. 
Cap n’ collar is a family of proteins that contain basic leucine-zipper domains. 
Some Cnc proteins are homeotic genes involved in segmentation and appendage 
development (Mohler et al., 1995; McGinnis et al., 1998; Veraksa et al., 2000; Sharma et 
al., 2014). One of the best-known cap n’ collar proteins is nuclear factor-erythroid 2-
related factor (Nrf2). Nrf2 is a transcription factor which responds to many electrophilic 
chemical stressors including heavy metal salts by inducing a variety of stress-response 
genes including cytochrome P450s; GSTs; Mrps 2, 3, and 4; metallothionein; ferritin; and 






HSPs (Kensler et al., 2007; Maher et al., 2007; Gu and Manautou, 2010; Higgins and 
Hayes, 2011). This signal cascade begins when the chemical stressor causes Keap1 
protein to dissociate from Nrf2, allowing Nrf2 to enter the nucleus and induce expression 
of many different chemical stress response genes (Itoh et al., 2004; Nguyen et al., 2004). 
The Cnc gene transcript monitored here shows nearly 70% sequence identity with known 
Nrf2 transcripts from two insects, a parasitoid wasp Microplitis demolitor and the brown 
marmorated stink bug Halyomorpha halys. The increased expression of Mrp4 and Hsp90 
seen in response to both cadmium and copper in H. azteca could be caused, at least in 
part, by the induction cascade created by Nrf2 (He et al., 2008; Wang and Gallagher, 
2013). 
Mrp4/ABCC4 (Mrp4) is a member of the ABC transporters, a large family of 
proteins found in the cellular membrane which efflux their transport allocrites out of cells 
in an ATP-dependent manner. Certain ABCs in the subfamilies ABCB and ABCC are 
able to transport a large variety of toxic allocrites as a mechanism to detoxify and protect 
cells. For example some ABCs are implicated in insecticide resistance thanks to this 
broad-spectrum promiscuous efflux ability, especially members of the subfamilies 
ABCB, ABCC, and ABCG (Dermauw and Van Leeuwen, 2014). Some ABCs change in 
expression in response to heavy metal exposure, including the collembolan Orchesella 
cincta and the Asiatic clam Corbicula fluminea (Achard et al., 2004; Roelofs et al., 
2007). ABCs are also well known for conferring resistance to metals, including cadmium, 
in plants (e.g., Kim et al., 2007). 






Heat shock protein 90 (Hsp90) is within the heat shock protein (HSP) family. 
HSP90 acts as a chaperone to protect protein structures from oxidative damage or to mark 
damaged proteins for degradation (Parsell and Lindquist, 1993; Becker and Craig, 1994; 
Kalmar and Greensmith, 2009). Hsp90 is induced by changes in temperature, salinity, 
oxygen levels, pH, and concentrations of different organic and inorganic chemicals like 
metals in a variety of vertebrate and invertebrate species, including other crustaceans like 
the ridgetail white prawn Exopalaemon carinicauda and the Zhikong scallop (Chlamys 
farreri) (Feder and Hofmann, 1999; Choi et al., 2006; Gao et al., 2007; Li et al., 2012b). 
Expression of the Hsp90 gene is induced by cadmium and copper, as well as by other 
metals such as selenium, in Pacific oyster (Crassostrea gigas) and Pacific abalone 
(Haliotis discus hannai) (Choi et al., 2008; Zhang et al., 2011; Guo and Ki, 2012). 
Several interesting responses in H. azteca served to discriminate between 
exposure to cadmium and copper. Mrp4 responded much more strongly to cadmium (7-
fold increase in expression) than it did to copper (2.2-fold). ABCB1 and ABCC 1-4 
respond to cadmium exposure; and increased Mrp4 gene expression and Mrp4 protein 
titers are associated with cadmium resistance and cadmium stress response, explaining 
the much stronger response of Mrp4 to cadmium compared to copper (Szczypka et al., 
1994; Oh et al., 2009; Long et al., 2011; Della Torre et al., 2012; Bourdineaud et al., 
2015). 
Rad51 significantly increased in expression only after exposure to cadmium. Both 
cadmium and copper can cause DNA damage that would upregulate repair protein genes 
like Rad51 (Sagripanti and Kraemer, 1989; Hartwig, 1994; Toyokuni and Sagripanti, 






1996; Dally and Hartwig, 1997; Hossain, 2002; Pan and Zhang, 2006). The cadmium-
specific response of Rad51 could indicate that the damage from cadmium is more severe 
or the transcriptional response to cadmium is longer lasting because cadmium also 
inhibits DNA repair (Jin et al., 2003). Lectin-1 was slightly downregulated by exposure to 
cadmium, though not significantly so. This downregulation could intensify at higher 
cadmium concentrations or begin at higher copper concentrations, as seen in D. magna in 
response to copper (Poynton et al., 2008a). These immunocompromised organisms would 
be less able to handle other stressors, especially biological ones. 
 Some genes (Fer, Gst, Sod, Cat) expected to increase in expression, as they have 
previously in other investigations of metal biomarkers, did not (Poynton et al., 2007). The 
metal concentrations eliciting expression responses in previous work varies relative to the 
concentration used here. Cadmium exposure was 20-fold lower (0.06 µg/L) and copper 
exposure was 1.8-fold lower (2 µg/L) in exposures using D. magna (Poynton et al., 
2008a). In other studies cadmium exposure was 15-fold higher (18 µg/L) (Poynton et al., 
2007) and 1.6-fold higher (2 µg/L) (Lyu et al., 2014). Copper exposure was 1.6-fold 
higher (6 µg/L) in exposures using D. magna (Poynton et al., 2007). First, much of these 
differences could be attributed to species-specific differences. Second, the concentrations 
used here perhaps were not sufficiently high to cause changes in expression in genes 
expected to change in expression. This could provide evidence of a no observed 
transcriptional effect level (NOTEL) for these individual genes (Lobenhofer et al., 2004; 
Ankley et al., 2006; Poynton et al., 2008a; Poynton et al., 2008b). The NOTEL is defined 
as the highest stressor concentration at which no significant change in gene expression 
occurs. The NOTEL is a suggested way to quickly determine if a substance could have a 






toxic effect through a particular molecular pathway of interest, though it has historically 
been applied at a broader transcriptome scale. 
 Degrading mRNA could be responsible for the lower overall expression and the 
higher variability seen in expression values from the copper exposure. mRNA can be 
extremely transient, with degradation half-life of mRNA ranging from 20 minutes to over 
24 hours (Sachs, 1993). The transcriptional response to the low concentrations of metals 
used here may have occurred quickly. Once homeostasis was reestablished in less than 24 
hours, the mRNA would be degraded. Without continuous gene induction until the time 
of sampling, expression changes would be less likely to be detected. This kind of rapid 
change in concentration is one disadvantage of monitoring mRNA levels. A time course 
study of these exposures comparing gene expression at multiple time points would 
provide data on the optimal timing of sampling for each individual gene, i.e. when each 
gene peaks in expression following exposure. Finding a compromise between genes in 
terms of optimal sampling time would allow greater detection of expression changes. 
 Additional work needed to develop these gene expression biomarkers other than 
the time course study involve either the metals, the amphipods, or ambient conditions. 
First the metals should be tested using different concentrations. Developing a dose-
response curve for expression for each gene would allow for better estimation of each 
gene’s NOTEL (e.g., Poynton et al., 2008a). Overlapping concentrations between this 
curve and a mortality-based dose-response curve would create links between these 
molecular responses and adverse outcomes that could affect an ecosystem. These links 
form and give weight to Adverse Outcome Pathways (AOPs) (Ankley et al., 2010; 






Vinken, 2013). AOPs describe the sequence of events starting at exposure and molecular 
interaction with a chemical through higher order levels of biological organization, 
ultimately ending in adverse ecological effects. Changes in gene expression are defined 
as molecular initiating events within the framework of the AOP (Allen et al., 2014). 
These events bridge the gap between measured biomarkers and adverse effects at the 
population and community level (Forbes and Galic, 2016). Detecting molecular initiating 
events at very low exposure levels is important for risk monitoring and informing risk 
reduction efforts. 
 Further work involving H. azteca could focus on testing different life stages of the 
amphipods. Larger H. azteca are used here in order to obtain the needed concentration of 
mRNA for gene expression analysis. Determining how many juvenile amphipods in the 
sensitive life stage (7 - 14 days old) are needed to conduct these analyses would allow for 
a better assessment of toxic effects at the most vulnerable point in the amphipod’s life. 
Longer running exposure studies using the sub-lethal concentrations used here should be 
developed to assess any chronic effects the metals may have across generations. This 
would help form the links in AOPs between exposure and effect at higher levels of 
biological organization. 
Finally, ambient conditions that could affect gene expression can be explored. 
Changes in temperature, dissolved oxygen level, salinity, or pH could all potentially 
affect the organism’s response independent of the effect of the stressor of interest, as 
demonstrated by the range of ambient conditions to which heat shock proteins can 
respond (Feder and Hofmann, 1999). Many HSPs are involved in physiological 






adaptations to extremes in these abiotic parameters, such as diapause and anhydrobiosis 
(MacRae, 2010; Gusev et al., 2011). All the testing performed and suggested here for 
cadmium and copper should also be tested again using sediment exposures. As these 
metals bind readily to sediment and organic material, the exposure of the epibenthic H. 
azteca could be much higher when metals are bound to this material rather than dissolved 
aqueously. 
 The work performed here provides several genes that can be used as biomarkers 
for cadmium and copper at very low concentrations. These biomarkers provide exposure 
lines of evidence for ERA. However, as previously mentioned, these biomarkers do not 
provide information on the higher-level effects these metals may have at these exposure 
concentrations. This is again where AOPs come into play to connect exposure to 
ecological effects. AOPs can be formed through direct comparison of exposure and 
effects across biological levels or through modeling of the potential effects that 
suborganismal changes have on higher levels (Soetaert et al., 2007; Connon et al., 2011; 
Ananthasubramaniam et al., 2015). However, AOPs always begin with molecular 
initiating events like gene expression. Changes in gene expression are defined as 
molecular initiating events within the framework of the AOP (Allen et al., 2014). These 
molecular initiating events begin the process leading to ecological adverse effects. 
Detecting molecular initiating events at low exposure levels is important for risk 
monitoring and informing risk reduction efforts at the population and community levels 
(Forbes and Galic, 2016). The gene expression biomarkers developed here at low metal 
concentrations give us the ability to do just that. Examination of genes for potential as 
biomarkers of exposure and connecting them to effects can be repeated for any chemical, 






physical, or biological stressor. To demonstrate the versatility of gene expression 
biomarkers in H. azteca, in Chapter 4 I will determine appropriate biomarker genes for 
exposure to legacy and current-use insecticides. 
  






Chapter 4: Changes in gene expression as biomarkers of sub-lethal 
exposure to the insecticides DDT, imidacloprid, and permethrin in 
Hyalella azteca 
Abstract 
 Environmental risk assessment of biocidal chemicals is critical for protection of 
non-target organisms. Insecticides intended to treat human or crop pests can reach 
vulnerable aquatic systems through improper handling, improper application, and 
leaching and runoff. Insecticides impacting aquatic systems include recalcitrant legacy 
compounds like the organochlorine DDT and more current-use chemicals like pyrethroids 
and neonicotinoids. Insecticides can partition into sediment and open water, often with a 
strong preference for one or the other. Organisms that live at the interface of these two 
compartments are uniquely at risk of exposure to contaminants. The benthic amphipod 
Hyalella azteca was exposed to sublethal concentrations of the insecticides DDT, the 
pyrethroid permethrin, and the neonicotinoid imidacloprid to assess molecular responses 
of this potentially vulnerable non-target organism. Expression of detoxification genes 
including cytochrome P450s and glutathione-S-transferase was measured via RT-qPCR 
after 24 hours of exposure. Expression of the ABC transporter Mrp4 and the stress-
response heat shock protein Hsp90 increased significantly after DDT exposure. 
Decreased expression of immune-related genes occurred after permethrin exposure. 
Imidacloprid exposure did not cause significant changes in expression of any genes, 
though there was a trend of decreased expression of certain cytochrome P450 genes. 
Monitoring of the genes that change in expression is a valuable tool for risk assessment 






of environmental exposure to these insecticides. Using this narrower set of genes can help 
streamline further risk studies on sediment exposure to insecticides and mixtures of 
insecticides. Expression monitoring can also provide a means to connect sublethal 
molecular responses to ecologically relevant life history changes though Adverse 
Outcome Pathways, a critical current need in ecotoxicology. 
Introduction 
 Agricultural and residential non-point sources of pollution contribute the vast 
majority of the insecticides contaminating freshwater systems (Muller et al., 2002; 
Neumann et al., 2002; Schulz, 2004). As insecticides from these areas enter nearby 
bodies of water via drift, runoff, or leaching, sensitive non-target arthropod communities 
can be affected (Fernandez-Alba et al., 2002; Lizotte et al., 2012; Rico and Van den 
Brink, 2015). The complexity of the effects insecticides may have on these communities 
is immense. Sensitivities vary by the intrinsic sensitivity of a given species or individual, 
species-specific life history variables that determine recovery potential, and the 
toxicokinetic and toxicodynamic variables of the insecticides themselves (Van Straalen, 
1994; Escher and Hermens, 2002; Nyman et al., 2014). These non-target communities are 
also likely exposed simultaneously to a cocktail of discontinued recalcitrant and current-
use insecticides with varying modes of action and toxicities (Struger and Fletcher, 2007; 
Sparks and Nauen, 2015). This makes risk assessment of insecticides critical in order to 
protect and sustain vulnerable non-target populations and communities and prioritize risk 
reduction efforts. 






The risk of exposure of aquatic non-target organisms to insecticides varies by the 
insecticide’s use and the chemical properties of the insecticide. Insecticides are applied in 
agriculture in many ways that make runoff and leaching likely, including foliar 
application, soil injection and drenching, and seed treatments (NASDA, 2014). Spray can 
drift from application directly into nearby water or can flow in surface runoff or leach 
from soil, carrying 1 to 10% or more of the amount of insecticide applied to the field 
(Wauchope, 1978; Schulz, 2004). Some farming operations contribute up to 84% of the 
total insecticide contamination present in nearby streams (Neumann et al., 2002). 
Commercial and residential use of insecticides also results in highly contaminated runoff 
toxic enough to cause adverse effects in aquatic non-target organisms (Weston et al., 
2005; Gan et al., 2012). Effects of insecticides in both direct receiving and downstream 
waters include changes in community composition, direct mortality, and stress-
responsive molecular changes (Fulton et al., 1999; Thiere and Schulz, 2004; Pedersen et 
al., 2006). 
Two important, but certainly not the only, chemical properties contributing to 
insecticide exposure risk in aquatic systems are the octanol-water partition coefficient 
(Kow, often reported as the log Kow) and the chemical half-life. The log Kow describes the 
tendency of a chemical to associate with either organic phases (higher values) or with 
water (lower values). The chemical half-life is the amount of time needed for half of a 
given amount of chemical to degrade. Half-lives vary by many factors like exposure to 
light, water, and oxygen. Together these two values play an important role in determining 
whether or not an organism is at risk of being exposed to a potential toxin in the water. 
The varied historic and current use and chemical characteristics of the insecticides DDT, 






permethrin, and imidacloprid are discussed in more detail to illustrate how these factors 
affect exposure risk. 
DDT was used on a large-scale in agriculture from about 1943 to 1973 in the 
United States (Smith, 1991; Turusov et al., 2002). DDT has historic and current uses for 
indoor residential spraying for control of disease-vectoring insects in many developing 
countries (Curtis and Mnzava, 2000; van den Berg, 2009). DDT and its metabolites are 
still found in high concentrations and have distributed globally (Bogdal et al., 2013; 
Octaviani et al., 2015; Booij et al., 2016). Permethrin has current applications in 
agricultural, commercial/structural, and residential applications, giving it multiple 
potential non-point sources into aquatic ecosystems (Schulz and Stehle, 2008; Spurlock 
and Lee, 2008). Imidacloprid and other neonicotinoids were nearly one-third of the 
monetary value of the 2010 world insecticide market (Casida and Durkin, 2013). In 2010 
imidacloprid was the best selling insecticide in the world (Pollack, 2011). Imidacloprid 
has agricultural, residential, commercial, and veterinary applications (Simon-Delso et al., 
2015; van der Sluijs et al., 2015). Imidacloprid is applied in many ways that make it 
susceptible to runoff including foliar spraying, seed dressing, and soil drenching (Simon-
Delso et al., 2015). 
The chemical characteristics of these three insecticides give them unique patterns 
of environmental behavior and exposure potential. Many organochlorines have extremely 
high log Kow values (e.g., DDT log Kow = 6.91), which means they partition strongly into 
sediment and organic matter versus water (ATSDR, 2002). Pyrethrins and pyrethroids 
have varying log Kow values giving them variable behavior. Permethrin has a high log 






Kow at 6.5 (ATSDR, 2003). Some neonicotinoids have lower log Kow values, such as 
imidacloprid at 0.57 (Bonmatin et al., 2015). Low values indicate these insecticides 
partition into water more readily than DDT or permethrin. The risk of exposure to these 
insecticides then is generally highest in sediment-dwelling organisms for organochlorines 
and pyrethroids and highest in open-water organisms for neonicotinoids. Organisms that 
live at the water-sediment interface therefore are in a uniquely vulnerable position with 
potential exposures from both water and sediment. 
Some insecticides have very long half-lives, such as DDT’s soil half-life of 2 to 
15 years and aquatic half-life of around 150 years, which contributes to its classification 
as a persistent organic pollutant (POP) (ATSDR, 2002). Permethrin is relatively 
recalcitrant to photolytic degradation but is susceptible to aerobic degradation, with a 
half-life around 2.5 days in aquatic sediment and 39.5 days in soil (Schimmel et al., 1983; 
Imgrund, 2003). Imidacloprid is highly susceptible to photolysis, with a half-life of 5-43 
minutes in organic-poor aquatic systems, but can persist up to 6 months when protected 
from sunlight (Wamhoff and Schneider, 1999; Liu et al., 2006; Simon-Delso et al., 2015). 
Insecticides with longer half-lives can build up to large environmental concentrations, 
increasing exposure risk of non-target organisms. 
The patterns of use and the characteristics of DDT, permethrin, and imidacloprid 
create a high exposure risk of non-target organisms to these insecticides. DDT is no 
longer used in the United States and other developed countries. However, its tendency to 
adsorb to sediment and organic matter and extremely long half-life contribute to its 
continued exposure risk. Permethrin is highly used and partitions to sediment and organic 






matter. Sediment-dwelling organisms therefore may be particularly at risk of exposure to 
permethrin. Imidacloprid, despite its very short half-life in most situations, is produced 
and used so abundantly that an exposure risk exists from the sheer volume of input of 
imidacloprid into the environment. The large exposure risks of DDT, permethrin, and 
imidacloprid create higher risks for adverse effects of these insecticides on non-target 
organisms.  
The effects of the insecticide classes containing DDT, permethrin, and 
imidacloprid are neurological in nature. Organochlorine insecticides are divided into two 
groups: the chlorinated alicyclic (e.g., dieldrin, endrin) compounds and DDT-like 
compounds (DDT and its analogs). Chlorinated alicyclics act as antagonists of GABA-
gated chloride channels in postsynaptic neurons, preventing the uptake of chloride ions. 
No inhibitory postsynaptic potential is produced, allowing action potentials to continue 
unabated, causing paralysis (Casida and Durkin, 2013). DDT-like compounds also cause 
paralysis, but via a different mode of action. DDT and its analogs modulate the activity of 
voltage-gated sodium channels. At first exposure neurons fire spontaneously and rapidly 
due to increased release of excitatory neurotransmitters, causing tremors. After prolonged 
exposure the neurons lack the sodium electrochemical gradient needed to continue firing, 
creating a state of excitatory paralysis (Davies et al., 2007). 
Similar to the organochlorines, pyrethroid and pyrethrin insecticides act on 
voltage-gated sodium channels. Type I pyrethroids and pyrethrins (e.g., permethrin, 
allethrin) bind to inactive channels and open them to a slowly activating sodium gradient 
shift, creating repetitive neural firing. The neuron is also shifted into a state of 






hyperexcitability due to a change in neural membrane potential, producing an effect 
called knockdown. Repetitive firing plus creation of the knockdown state leads to 
incoordination and eventual paralysis (Gammon et al., 1981; Soderlund et al., 2002; 
Davies et al., 2007). Type II pyrethroids (e.g., deltamethrin) bind sodium channels into an 
irreversible open state, allowing free flow of sodium ions. The irreversible open state of 
the channels suppresses all further action potentials (Gammon et al., 1981; Soderlund et 
al., 2002). 
Neonicotinoid insecticides (e.g., imidacloprid, thiacloprid, clothianidin) are 
agonists of the nicotinic acetylcholine receptor. The neonicotinoid binds to open 
receptors, holding them in the open conformation. This allows free exchange of sodium 
and potassium ions, creating an action potential. The overexcitement of neurons by 
neonicotinoids leads to paralysis (Simon-Delso et al., 2015). Neonicotinoids are 
arthropod-selective in their toxicity compared to many other insecticides, owing to 
differences in the structure of the nicotinic acetylcholine receptors between arthropods 
and other taxa (Nauen et al., 1999; Matsuda et al., 2001; Tomizawa and Casida, 2003; 
Tomizawa and Casida, 2005). 
 In this chapter I develop gene expression-based biomarkers in the amphipod 
Hyalella azteca for exposure to DDT, permethrin, and imidacloprid. H. azteca is a 
member of the potentially sensitive crustacean order Amphipoda, living at the sediment-
water interface within water bodies often receiving runoff that contains insecticides from 
agricultural and residential areas (Rico and Van den Brink, 2015). These insecticides 
pose a great risk to non-target organisms. Sensitive detection methods are needed to 






assess exposure risks at contamination levels much lower than those needed to induce 
visible changes in the organism or the community. Chemical and biochemical methods 
exist that detect these insecticides at extremely low concentrations (e.g., Mauriz et al., 
2007; de Souza Pinheiro and de Andrade, 2009; Feo et al., 2010). However, these 
methods often require the use of additional hazardous chemicals during processing, 
expensive input materials, and highly specialized skill sets. Chemical methods also give 
information with no biological meaning. A molecular method of detection using live 
organisms provides a compromise between sensitive detection and biological meaning. 
Expression of genes for general stress response and detoxification genes will be 
measured after insecticide exposure. The goal of this study is to identify genes that 
change in expression in response to these insecticides and that can serve as biomarkers of 
exposure to these insecticides. Increased expression is predicted in genes for detoxifying 
proteins like glutathione-S-transferases, cytochrome P450s, and ABC transporters. The 
initial development of biomarkers for individual insecticides lays the foundation for work 
with insecticide mixtures that more accurately reflect what these amphipods and other 
non-target arthropods experience in natural settings. Gene expression-based biomarkers 
will sensitively detect low concentrations of contaminants while providing biological 
molecular effects that can be connected to higher-level adverse effects on populations and 
communities. 
Materials and Methods 
 H. azteca were exposed to sub-lethal concentrations of DDT, permethrin, and 
imidacloprid for 24 hours. RNA was extracted from all samples and reverse transcribed. 






Normalization factors (NFs) were developed for each treatment by measuring the 
expression of candidate reference genes in each sample using RT-qPCR. The expression 
of the most stable candidate reference genes formed the NFs for each treatment. The 
expression of stress-response genes of interest was then measured in every sample. This 
expression was normalized using the NFs. The normalized expression of each gene of 
interest was compared between the control and each treatment to produce fold changes in 
expression. 
Pesticide exposure 
 The insecticides 4,4’-DDT, imidacloprid, and permethrin were chosen for 
exposure studies to represent the insecticide classes of DDT-like organochlorines, 
neonicotinoids, and Type I pyrethroids, respectively. Given no available 24-hour LC50 
values for these insecticides, 4-day LC50 values were used as the closest available data. 
4-day LC50 values for DDT, imidacloprid, and permethrin are 0.17 µg/L, 65.43 µg/L, 
and 0.021 µg/L, respectively (Lotufo et al., 2000; Stoughton et al., 2008; Andersen et al., 
2006; Ding et al., 2012). Exposures were conducted at 20% of the published LC50 
values. Exposure concentrations for DDT, imidacloprid, and permethrin were 0.034 µg/L, 
13 µg/L, and 0.004 µg/L, respectively. All chemicals were purchased from Sigma-
Aldrich as analytical standard grade powders of 100% active ingredient. Stocks of DDT 
and permethrin were made in 100% ethanol as 1 mg/L and 250 µg/L, respectively. Stock 
of imidacloprid was made in DI water as 0.4 g/L. The DDT exposure resulted in a final 
ethanol concentration in the experimental units of 0.0034% ethanol. This is 0.32% of the 
H. azteca LC50 value for ethanol (Bowman et al., 1981). Sufficient 100% ethanol was 
added to all experimental units including the controls to create a final concentration of 






ethanol in each of 0.0034%, similar to the practice in Asselman et al., 2012 and Soetaert 
et al., 2007a. Low concentrations of all chemicals were used to obtain sublethal effects. 
The goal was to test gene expression at concentrations at which measurement of mortality 
or other life history parameters would not differentiate between a control and an 
exposure. Changes detected in stress response gene expression at these concentrations 
would serve as more sensitive biomarkers of exposure than life history parameters. 
Experimental units consisted of round glass specimen dishes (10 cm diameter, 5.5 
cm height, approximately 350 mL maximum volume) with 200 mL of reconstituted fresh 
water (pH 7.64, conductivity 203 µS/cM) made in accordance to U.S. EPA (2000). 
Reconstituted water consisted of: 10 L deionized water, 0.5 g CaSO4 (Colorado 
Scientific), 0.5 g CaCl2 (J. T. Baker), 0.3 g MgSO4 (Sigma-Aldrich), 0.96 g NaHCO3 
(Sigma-Aldrich), and 0.04 g KCl (Sigma-Aldrich). Each dish had an air bubbler and a 4” 
x 4” piece of plastic mesh substrate. Reconstituted water was aerated for 24 hours. DDT, 
permethrin, imidacloprid, and control exposures had four replicates. Due to a machine 
error during data acquisition, only three replicates were ultimately used for all treatments. 
Twenty adult H. azteca caught on a number 60 standard sieve were added to each dish 
(320 total H. azteca used) with approximately 2 mg of crushed Tetramin tropical fish 
food and acclimated for 24 hours.  
The appropriate volumes of ethanol and insecticide were added after the 24-hour 
acclimation period. For the DDT exposure, I removed 6.8 µL of water and added 6.8 µL 
of 1 mg/L DDT stock. For the imidacloprid exposure, I removed 13.2 µL of water. I then 
added 6.5 µL of the 0.4 g/L imidacloprid stock and 6.8 µL 100% ethanol. For permethrin 






I removed 6.8 µL of water and added 3.2 µL of 250 µg/L permethrin stock and 3.6 µL 
100% ethanol. I removed 6.8 µL of water and added 6.8 µL 100% ethanol from the no-
insecticide control. All exposures started at 08:00 and ended at 08:00 the following day, 
with a 16:8 light:dark cycle and light starting at 07:00.  
Ten H. azteca were collected from each replicate dish by straining through a 
number 60 standard sieve after 24 hours of exposure. The ten H. azteca were placed into 
microcentrifuge tubes containing 200 µL of RNAlater (Sigma Aldrich) and flash frozen 
in liquid nitrogen and stored at -80°C until further processing. The total number of 
surviving H. azteca in each replicate was recorded. The proportion of amphipods 
surviving from each replicate was arcsine square root transformed and analyzed using the 
non-parametric Kruskal-Wallis analysis of variance in SAS statistical software (v.9.4). 
RNA extraction and cDNA synthesis was performed as described in Chapter 1. RNA 
samples were submitted the University of Maryland Sequencing Core for bioanalysis. 
Normalization factor analysis 
 I screened the same candidate reference genes that were tested in Chapter 2 
(αTub, Mmp, Tbp, Ubi, and Ubc). RT-qPCR was performed on a Roche LightCycler 480 
Real-Time PCR machine in the Genomics Core at the University of Maryland. Each well 
of the LightCycler 480 Multiwell 96-well plates (Roche) consisted of 10 µL of 2x 
LightCycler 480 SYBR Green I Master mix (Roche), 0.5 µL of 10 µM of each primer, 5 
µL of 1/10-diluted cDNA, and 4 µL of PCR grade water. Every biological replicate was 
tested in duplicate. Appropriate no-cDNA –RT controls were tested for all treatments in 
duplicate. No-template water controls were run with four replicates. The optimized RT-






qPCR protocol used was as follows: 1) a pre-incubation period of 95 °C for 10 min, 2) an 
amplification period consisting of 30 cycles of 95 °C for 15 s, 61 °C for 30 s, and 72 °C 
for 30 s, with a single fluorescence measurement performed at the end of each cycle, 3) a 
single melting curve analysis of 95 °C for 0.05 s followed by an increase of 0.5 °C/cycle 
from 65 °C to 97 °C, with 5 fluorescence readings/°C, and 4) a cooling period of 40 °C 
for 1 min. Cycle threshold (Ct) values were determined using fit point analysis on 
manufacturer provided LightCycler 480 Software release 1.5.0 SP3 (version 1.5.0.39).  
The mean of the Ct values of all technical replicates served as the Ct value of each 
biological replicate. Delta (Ct) values (ΔCt) were calculated using equation (1) for each 
replicate for each gene, where ε is the efficiency of the primer for the gene being 
analyzed, Ctgene,min is the minimum Ct value of the gene being analyzed across all 
replicates, and Ctx is the Ct value of the biological replicate being analyzed. This served 
to calibrate all values against the lowest expression value. Results were analyzed for 
stability of reference gene transcripts using BestKeeper (Pfaffl et al., 2004), GeNorm 
(Vandesompele et al., 2002), and NormFinder (Andersen et al., 2004). While Ct values 
were used in BestKeeper, ΔCt values were used in GeNorm and NormFinder. The most 
stable genes were then used to calculate an NF for each treatment-control pair, i.e. one 
NF each for the insecticide treatments and one NF for each control-treatment 
combination. The NFs were calculated as the geometric mean of the ΔCt values of all 
biological replicates. 
1   ∆𝐶𝑡! = 𝜀!"!"#",!"#!!"!  






The standard error of the mean of the NF (NFsem) was calculated incorporating 
proper error propagation using equation (2), where ΔCtsemx is the standard error of the 
mean of the ΔCt value of the first gene in the NF, ΔCtx is the ΔCt value of the first gene 
in the NF, ΔCtsemi is the standard error of the mean of the last gene in the NF, and ΔCti 
is the ΔCt value of the last gene in the NF. 
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Gene of interest primer design and testing 
 I designed additional RT-qPCR primers for cytochrome P450 genes using online 
design tools from IDT DNA and GenScript (Table 4.1; Appendix D). Cytochrome P450 
genes are of interest because of their responses to chemical stressors and their 
degradation of target chemicals. I tested cytochrome P450 primers using two samples of 
cDNA from H. azteca from the lab population described in Chapter 1. Methods for 
sample collection, RNA extraction and cDNA synthesis were the same as those found in 
Chapter 1. Each PCR reaction included: 10 µL of 2x PCR Master Mix (SydLabs), 1 µL 
cDNA, 1 µL of 100 µM forward primer, 1 µL of 100 µM reverse primer, and 7 µL PCR 
grade water. PCR was run with the following cycles: 1) 1 cycle of 95ºC for 2 minutes; 2) 
25 cycles of 95ºC for 15 seconds, 57ºC for 15 seconds, and 72ºC for 30 seconds; 3) 1 
cycle of 72ºC for 7 minutes; 4) held 4ºC indefinitely until PCR products were stored at -
20ºC. All reactions were paired with a negative control with 1 µL of water added instead 
of cDNA. PCR products were run on a 4% agarose gel at 110 V for 40 minutes along 
with a 10 bp DNA ladder (Life Technologies) and visualized using ethidium bromide and 






a UV camera system. Products were sent to GENEWIZ, Inc. for Sanger sequencing using 
the forward primer of each primer set as the sequencing primer. Experimental PCR 
product sequences were then aligned to their corresponding expected amplicon sequence 
(Appendix E) and analyzed for percent similarity using EMBOSS Water (Rice et al., 
2000). Note that the expression of genes coding for the actual protein target of the 
insecticides was not monitored, as there is previous evidence that this may not change in 






















Abbreviation Primer set Forward primer 
sequence (5’ - 3’) 
Reverse primer 





















































































































GOI expression analysis 
 All experimental replicates were plated with three technical replicates. The RT-
qPCR protocol was the same as used above. Threshold cycle (Ct) values were calculated 
using fit point analysis on LightCycler 480 Software release 1.5.0 SP3 (version 1.5.0.39). 






The means of Ct values of all technical replicates were calculated as the Ct values for 
each biological replicate. Delta (Ct) values (ΔCt) were calculated using equation (3) for 
each replicate for each gene, where ε is the efficiency of the primer for the gene being 
analyzed, Ctgene,min is the minimum Ct value of the gene being analyzed across all 
replicates, and Ctx is the Ct value of the biological replicate being analyzed. This served 
to calibrate all values against the lowest expression value. 
3   ∆𝐶𝑡 = 𝜀!"!"#",!"#!!"! 
Normalized expression levels (NELs) were calculated by dividing each ΔCt value 
by the corresponding normalization factor (NF) from Chapter 2. The standard error of the 
mean (sem) of all NELs was calculated incorporating proper error propagation using 
equation (4), where NELsemx is the standard error of the mean of the NEL for the gene 
being analyzed, NELx is the NEL of the same gene, NFsem is the standard error of the 
mean of the NF, ΔCtsemx is the standard error of the mean of the ΔCt value of the same 
gene, and ΔCtx is the ΔCt value of the same gene. 









The relative fold change (RFC) in expression of each gene was then calculated 
relative to the control using equation (5). The standard error of the mean of each RFC 
(RFCsem) was calculated incorporating proper error propagation using equation (6). 










6   𝑅𝐹𝐶𝑠𝑒𝑚! = 𝑁𝐸𝐿𝑠𝑒𝑚!,!"#$!%#&!! + 𝑁𝐸𝐿𝑠𝑒𝑚!,!"#$%"&!  
Relative expression levels (RELs) were calculated for each gene as the NEL of 
that gene’s expression in each individual replicate divided by the geometric mean of the 
expression of that gene in the control. The geometric mean of the RELs of all replicates 
of a treatment for a single gene is equal to the RFC of that gene for that treatment. RELs 
allow for statistical analysis of changes in expression values using all replicates. RELs 
were analyzed with a Wilcoxon rank-sum test in SAS using the proc npar1way 
procedure. 
Results 
H. azteca survival 
 Mean survival (% ± SD) in the control, DDT, imidacloprid, and permethrin 
exposures was 97.5 ± 2.9%, 98.8 ± 2.5%, 97.5 ± 5%, and 93.8 ± 4.8%, respectively. No 
significant effect of any insecticide on survival was found (Kruskal-Wallis analysis of 
variance, Χ2=3.15, df=3, P=0.48). 
Normalization factor analyses 
 Extracted samples of RNA were of high concentration and good quality according 
to bioanalysis (Table 4.2). Descriptive statistics of RT-qPCR results are of the threshold 
(Ct) values (Tables 4.3 and 4.4). The Ct value is the PCR cycle at which the signal from 
the sample became higher than the background noise present from sources such as 96-
well plate autofluorescence during data acquisition. The standard deviation of the Ct 
value represents the stability of a gene’s expression across samples from the same 






treatment. Lower standard deviations show a gene that is similarly expressed across all 
samples. 
Table 4.2: Bioanalysis results of total RNA concentration and quality 




Control 1 1,048 5.9 
2 866 5.7 
3 735 6 
4 820 5.7 
DDT 1 704 6.8 
2 1,007 5.9 
3 791 5.5 
4 804 5.3 
Imidacloprid 1 952 6.4 
2 944 5.6 
3 622 5.4 
4 963 5.3 
Permethrin 1 914 5.8 
2 738 5.6 
3 874 5.4 



























































































































































































































































































































































































































Table 4.4: Mean Ct values of reference primers Ubi and Ubc by treatment. Imid: imidacloprid, 
Per: permethrin, SD: standard deviation, SE: standard error of the mean 
 Gene 
Ubi Ubc 
Treatment Control DDT Imid Per Control DDT Imid Per 
n 3 3 3 3 3 3 3 3 
Geometric 
mean 
21.99 22.09 22.46 23.07 17.94 18.17 17.87 18.91 
Arithmetic 
mean 
22 22.11 22.48 23.09 17.94 18.19 17.87 18.95 
Min 21.31 21.07 21.58 22.12 17.68 17.46 17.47 17.66 
Max 23.05 23.49 23.5 24.57 18.43 19.37 18.31 20.29 
SD 0.925 1.24 0.97 1.3 0.42 1.04 0.42 1.32 
SE 0.53 0.72 0.56 0.75 0.24 0.6 0.24 0.76 
 
For the DDT exposure, BestKeeper repeated pair-wise correlation analysis 
revealed Ubi and Ubc to have the highest r2 values when correlated to the BestKeeper 
index (Table 4.5). GeNorm and NormFinder both found αTub, Ubc, and Mmp to be the 
most stably expressed genes for the DDT exposure (Table 4.8). For the imidacloprid 
exposure BestKeeper found Ubi and Ubc to have the highest r2 values when correlated to 
the BestKeeper index (Table 4.6). Ubc, Mmp, and αTub were most stable under GeNorm 
and NormFinder analyses (Table 4.8). For the permethrin exposure BestKeeper found 
αTub, Ubi, Ubc, and Mmp to have higher r2 values when correlated to the BestKeeper 
index (Table 4.7). Mmp and αTub were most stable under GeNorm and NormFinder 
analyses (Table 4.8). All genes ranked by their stability and suitability as reference genes 
are found in Table 4.9. 
The genes chosen to form the NF for each exposure were selected based on the 
consensus on their stability between all three programs. αTub, Ubc, and Mmp formed the 
NF for the DDT exposure. αTub and Ubc formed the NF for the imidacloprid exposure. 
αTub and Mmp formed the NF for the permethrin exposure. NFs were calculated for the 






exposure and the control separately for each insecticide because the genes comprising the 
NF differed between the treatments. NFs for each treatment and control, respectively, 
were 0.6 and 0.65 for DDT, 0.85 and 0.78 for imidacloprid, and 0.46 and 0.77 for 
permethrin. 
Table 4.5: Coefficients of correlation (r values) and P-values from the BestKeeper repeated pair-
wise correlation analysis for the DDT exposure 
Vs. αTub Mmp Tbp Ubi Ubc 
Mmp 0.862 - - - - 
P-value 0.027 - - - - 
Tbp 0.114 0.014 - - - 
P-value 0.829 0.978 - - - 
Ubi 0.909 0.941 -0.056 - - 
P-value 0.012 0.005 0.918 - - 
Ubc 0.837 0.877 0.132 0.950 - 
P-value 0.038 0.022 0.801 0.004 - 
BestKeeper index 0.940 0.942 0.193 0.964 0.957 
Coefficient of determination 
(r2) vs. BestKeeper 
0.88 0.89 0.04 0.93 0.92 
P-value 0.005 0.005 0.716 0.002 0.003 
 
Table 4.6: Coefficients of correlation (r values) and P-values from the BestKeeper repeated pair-
wise correlation analysis for the imidacloprid exposure 
Vs. αTub Mmp Tbp Ubi Ubc 
Mmp 0.778 - - - - 
P-value 0.068 - - - - 
Tbp -0.618 -0.681 - - - 
P-value 0.192 0.136 - - - 
Ubi 0.690 0.789 -0.402 - - 
P-value 0.129 0.062 0.429 - - 
Ubc 0.761 0.955 -0.508 0.752 - 
P-value 0.079 0.003 0.303 0.085 - 
BestKeeper index 0.794 0.855 -0.321 0.925 0.894 
Coefficient of determination 
(r2) vs. BestKeeper 
0.63 0.73 0.10 0.86 0.80 













Table 4.7: Coefficients of correlation (r-values) and P-values from the BestKeeper repeated pair-
wise correlation analysis for the permethrin exposure 
Vs. αTub Mmp Tbp Ubi Ubc 
Mmp 0.982 - - - - 
P-value 0.001 - - - - 
Tbp 0.657 0.623 - - - 
P-value 0.157 0.187 - - - 
Ubi 0.994 0.988 0.583 - - 
P-value 0.001 0.001 0.223 - - 
Ubc 0.963 0.951 0.725 0.938 - 
P-value 0.002 0.004 0.102 0.006 - 
BestKeeper index 0.988 0.977 0.751 0.970 0.982 
Coefficient of determination 
(r2) vs. BestKeeper 
0.98 0.96 0.56 0.94 0.96 
P-value 0.001 0.001 0.086 0.001 0.001 
 
Table 4.8: Expression stability values from GeNorm and NormFinder analyses 
 GeNorm NormFinder 
Gene DDT Imidacloprid Permethrin DDT Imidacloprid Permethrin 
αTub 0.422 0.464 0.289 0.053 0.047 0.028 
Mmp 0.422 0.426 0.315 0.031 0.056 0.029 
Tbp 0.760 0.890 0.655 0.192 0.225 0.167 
Ubi 0.445 0.612 0.348 0.069 0.114 0.048 







































































































































































































































































  	  






Gene of interest primer design 
 Of all the cytochrome P450 primers tested, Cyp2j2-2, Cyp2j2-3, Cyp2c9-2, 
Cyp2L1, Cyp3A13, Cyp3A13-2, Cyp3A13-3, Cyp6BS1, Cyp6BS1-2, Cyp2u1-2, and 
Cyp2j6-2 produced visible bands after electrophoresis of PCR products (Figure 4.1 - 
bright band in lanes 1 and 14 is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) Cyp2j2-
2negative control, 3) Cyp2j2-2 sample 1, 4) Cyp2j2-2 sample 2, 5) Cyp2j2-3 negative 
control, 6) Cyp2j2-3 sample 1, 7) Cyp2j2-3 sample 2, 8) Cyp2c9-2 negative control, 9) 
Cyp2c9-2 sample 1, 10) Cyp2c9-2 sample 2, 11) Cyp2c9-3 negative control, 12) Cyp2c9-
3 sample 1, 13) Cyp2c9-3 samples 2, 14) 10 bp DNA ladder, 15) Cyp2L1 negative 
control, 16) Cyp2L1 sample 1, 17) Cyp2L1 sample 2, 18) Cyp2L1-2 negative control, 19) 
Cyp2L1-2 sample 1, 20) Cyp2L1-2 sample 2) (Figure 4.2 - bright band in lanes 1 and 11 
is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) Cyp3A13 negative control, 3) Cyp3A13 
sample 1, 4) Cyp3A13 sample 2, 5) Cyp3A13-2 negative control, 6) Cyp3A13-2 sample 1, 
7) Cyp3A13-2 sample 2, 8) Cyp3A13-3 negative control, 9) Cyp3A13-3 sample 1, 10) 
Cyp3A13-3 sample 2, 11) 10 bp DNA ladder, 12) Cyp6BS1 negative control, 13) 
Cyp6BS1 sample 1, 14) Cyp6BS1 sample 2, 15) Cyp6BS1-2 negative control, 16) 
Cyp6BS1-2 sample 1, 17) Cyp6BS1-2 sample 2, 18) Cyp6BS1-3 negative control, 19) 
Cyp6BS1-3 sample 1, 20) Cyp6BS1-3 sample 2) (Figure 4.3 - bright band in lanes 1 and 
11 is at 100 bp. Lanes: 1) 10 bp DNA ladder, 2) Cyp2u1 negative control, 3) Cyp2u1 
sample 1, 4) Cyp2u1 sample 2, 5) Cyp2u1-2 negative control, 6) Cyp2u1-2 sample 1, 7) 
Cyp2u1-2 sample 2, 8) Cyp2u1-3 negative control, 9) Cyp2u1-3 sample 1, 10) Cyp2u1-3 
sample 2, 11) 10 bp DNA ladder, 12) Cyp2j6 negative control, 13) Cyp2j6 sample 1, 14) 






Cyp2j6 sample 2, 15) Cyp2j6-2 negative control, 16) Cyp2j6-2 sample 1, 17) Cyp2j6-2 
sample 2, 18) Cyp2j6-3 negative control, 19) Cyp2j6-3 sample 1, 20) Cyp2j6-3 sample 2).  
 Only the two samples of the primers producing the strongest bands were chosen 
for PCR product sequencing (Cyp2j2-2, Cyp2j2-3, Cyp2c9-2, Cyp2L1, Cyp3A13-2, 
Cyp6BS1, and Cyp2j6-2) (Tables 4.10, 4.11). Primer efficiencies were analyzed for only 
the four primer sets with the highest sequence identity with their expected amplicon 
sequence (Cyp2j2-2, Cyp2c9-2, Cyp6BS1, and Cyp2j6-2) (Table 4.12). Initial statistical 
analysis of primer efficiencies revealed significant differences. After elimination of 
Cyp2c9-2, no significant difference remained in primer efficiency (two-tailed ANOVA 
after removal, α=0.05, F=1.39 (df 18, 38), P=0.19). 
	  
Figure 4.1: PCR products from H. azteca cDNA of primers for Cyp2j2, Cyp2c9, and Cyp2L1 
 
 







Figure 4.2: PCR products from H. azteca cDNA of primers for Cyp3A13 and Cyp6BS1 
 



























Table 4.10: Alignment sequences of PCR product sequences and expected amplicon sequences 
Primer set Sample Product sequence 















































Table 4.11: Alignment statistics of sequenced PCR products and expected amplicon sequences 







Cyp2j2-2 1 150 115 93.9 1.7 
2 150 114 92.1 1.8 
Cyp2j2-3 1 105 52 65.4 11.5 
2 105 51 70.6 2 
Cyp2c9-2 1 121 82 93.9 1.2 
2 121 76 93.4 1.3 
Cyp2L1 1 141 98 78.6 3.1 
2 141 96 58.3 27.1 
Cyp3A13-
2 
1 135 78 67.9 7.7 
2 135 91 59.3 19.8 
Cyp6BS1 1 127 80 87.5 2.5 
2 127 83 94 0 
Cyp2j6-2 1 126 84 84.5 0 
2 126 83 97.6 0 
 
Table 4.12: Amplification efficiencies of tested cytochrome P450 primer sets 





Gene of interest analysis 
 Significant increase in expression of Lgbp, Hsp90, and Mrp4 was seen in response 
to DDT exposure (P < 0.05) (Figure 4.4). Hsp90 and Mrp4 increased most, by about 4.5-
fold. No significant changes in gene expression were seen in response to imidacloprid 
exposure, though there was a strong trend towards decreased expression of Cyp2j2 and 
Cyp6BS1 (Figure 4.5). Significant expression decrease of Lectin-1 and increase of Cyp2j2 
were seen in the permethrin exposure (P < 0.05) (Figure 4.6). Gst and Lgbp also 
decreased in expression strongly, though not significantly. 







Figure 4.4: Fold change in gene expression of GOI in response to DDT exposure. Bars are 
standard errors. Significant differences from control (P < 0.05) indicated by *. L1 stands for 
Lectin-1 







Figure 4.5: Fold change in expression of GOI in response to imidacloprid exposure. Bars are 
standard errors. L1 stands for Lectin-1 







Figure 4.6: Fold change in gene expression of GOI in response to permethrin exposure. Bars are 




 Expression of stress-response genes was measured in H. azteca after exposure to 
DDT, permethrin, and imidacloprid to develop molecular biomarkers of exposure for 
these insecticides. DDT elevated the expression of the immune response gene Lgbp, the 
ABC transporter Mrp4, and the heat shock protein Hsp90. Permethrin exposure increased 
the expression of the detoxifying cytochrome P450 Cyp2j2 while decreasing the 
expression of the immune response gene Lectin-1. Imidacloprid did not significantly alter 
the expression of any genes studied. These changes in gene expression can serve as 
biomarkers of exposure at low concentrations for DDT and permethrin. The genes 






responding to exposure respond to stress and cellular damage that could serve for future 
connections to adverse effects. 
 Many molecular biomarkers of insecticide exposure are already in common use. 
Activities of cholinesterase, acetylcholinesterase, glutathione-S-transferase, and catalase 
are used as biomarkers of organochlorine and organophosphate insecticides, pyrethroids, 
and neonicotinoids in a variety of aquatic organisms (Jemec et al., 2007; Domingues et 
al., 2009; Sellami et al., 2014). These molecular responses to insecticides generally fall 
into two main categories: general stress-response and detoxification. The organochlorine 
insecticide dieldrin increases expression of the general stress-response heat shock 
proteins 60 and 70 in several amphipods, including H. azteca, (Werner and Nagel, 1997). 
Dieldrin and chlordane increase expression of certain cytochrome P450s (Coumoul et al., 
2002; Dehn et al., 2005). Resistance to DDT is known to involve upregulation of several 
cytochrome P450s in Drosophila melanogaster (Maitra et al., 1996; Daborn et al., 2012; 
Daborn et al., 2002). These P450s only implicate detoxification genes and proteins in the 
response to DDT. However, DDT resistance has since been found to be polyfactorial, 
involving many changes to alter the ability of DDT to penetrate the arthropod cuticle and 
the organism’s ability to both detoxify and excrete the chemical as well (Strycharz et al., 
2013). For example, multiple ABC transporters have been associated with resistant D. 
melanogaster, which allow them to more readily excrete DDT or its metabolic products 
(Pedra et al., 2004; Gellatly et al., 2015). Implication of ABC transporters in DDT 
resistance is also found in the mosquito Anopheles arabiensis and has been expanding to 
many other arthropods as well (Jones et al., 2012; Dermauw and Van Leeuwen, 2014). 






 The gene expression responses of Hsp90 and Mrp4 to DDT seen here in H. azteca 
are not unexpected given previous knowledge of members of these gene families reacting 
in other arthropods. H. azteca is capable of responding to DDT exposure via general and 
specific mechanisms to protect from damage and detoxify. What is unique is the 
upregulation of the immune response-related gene Lgbp. No previous work describes a 
change in immune response genes in arthropods after exposure to DDT, though Lgbp is 
known to increase or decrease in expression in response to other chemical and biological 
stressors in the environment (Zhang et al., 2010; Chang et al., 2013; Chen et al., 2016).  
 Environmental exposure of H. azteca to pyrethroids is common and chronic 
enough that some populations have evolved resistance via site mutations in target sodium 
channels (Weston et al., 2013). Resistance to pyrethroids, including permethrin, is also 
well known in insects including house flies and mosquitoes, resulting from activity of 
ABC transporters and cytochrome P450s (Kasai and Scott, 2000; Kasai et al., 2000; 
Nikou et al., 2003; Muller et al., 2008; Djouaka et al., 2008; Bariami et al., 2012). GST 
activity increases in response to permethrin exposure in the amphipod Gammarus pulex 
(McLoughlin et al., 2000). This contrasts with the downregulation of the GST measured 
here in H. azteca. The immune response genes Lgbp and Lectin-1 were also 
downregulated. Many insecticides are known to interact with arthropod immune capacity, 
usually investigated at only the cellular immune response level (Desneux et al., 2007). 
Permethrin is highly acutely toxic to H. azteca (Andersen et al., 2006; Ding et al., 2012). 
The immune suppression at sub-lethal permethrin concentrations creates an additional 
risk for non-target organisms, making them more susceptible to other stressors. 






Decreasing environmental concentrations of permethrin to simple a sub-lethal 
concentration may not be enough to protect non-target populations. 
The response to imidacloprid in insects is exemplified by the mechanisms 
conferring resistance to imidacloprid. Resistance is most often tied to overexpression, 
either inducible or constitutive, of cytochrome P450 genes. Inducible P450 activity 
confers resistance to the brown planthopper Nilaparvata lugens and to the Asian citrus 
psyllid Diaphorina citri (Puinean et al., 2010a; Tiwari et al., 2011). Constitutive 
overexpression contributes to resistance in D. melanogaster, the green peach aphid Myzus 
persicae, and the tobacco whitefly Bemisia tabaci (Daborn et al., 2001; Karunker et al., 
2008; Puinean et al., 2010b). Imidacloprid, however, is fairly selective in its toxicity, 
causing significant mortality in insects while not affecting vertebrates (Song et al., 1997). 
Non-insect arthropods often suffer chronic, sub-lethal effects from imidacloprid exposure 
(Lukancic et al., 2010). These chronic effects reduce population growth rates and 
potentially effect populations and communities (Chen et al., 2010; Van Dijk et al., 2013). 
Very little is currently known about the molecular responses of non-target non-insect 
arthropods to imidacloprid. The trend towards decreasing expression of the two 
cytochrome P450 genes seen here in H. azteca indicates that more work is warranted to 
investigate these effects. The genes studied here are not useful biomarkers for 
imidacloprid at the imidacloprid concentration examined. 
 DDT and permethrin had distinct profiles of expression changes. DDT exposure 
increased expression of Lgbp, Hsp90, and Mrp4. Permethrin decreased expression of L1 
and increased expression of Cyp2j2. Imidacloprid showed no significant changes in 






expression of any genes monitored here. This allows easy distinction between these 
insecticides using gene expression profiles. No similarities in expression changes were 
seen across all three insecticides. Shared increases in the same detoxification genes may 
occur at higher exposure concentrations, especially between DDT and permethrin, which 
share the target site of voltage-gated sodium channels. 
 The gene responses developed here in the model organism H. azteca can serve as 
biomarkers of exposure to DDT and permethrin to help inform ERA analyses. Further 
studies should focus on the effects of these low insecticide concentrations on ecologically 
relevant life history parameters like development and fecundity. Connecting exposures 
and molecular effects to important, larger-scale ecological effects forms an Adverse 
Outcome Pathway (AOP) (Ankley et al., 2010; Vinken, 2013). AOPs describe the 
sequence of events starting at exposure and molecular interaction with a chemical 
through higher order levels of biological organization, ultimately ending in adverse 
ecological effects. Changes in gene expression are defined as molecular initiating events 
within the framework of the AOP (Allen et al., 2014). These molecular initiating events 
begin the process leading to ecological adverse effects. Detecting molecular initiating 
events at very low exposure levels is important for risk monitoring and informing risk 
reduction efforts at the population and community levels (Forbes and Galic, 2016). The 
gene expression biomarkers developed here at low concentrations of insecticides give us 
the ability to do just that.  







 My goals in this research were to establish Hyalella azteca as a useful molecular 
model organism for toxicology and risk assessment and to develop molecular biomarkers 
in H. azteca that are more sensitive than their comparable higher-level biomarkers. I 
sequenced and assembled a transcriptome for H. azteca to not only pursue my own 
research, but also to provide an immense molecular resource for others to pursue research 
with this amphipod. I identified useful “housekeeping” reference genes and stress-
response genes in the transcriptome to use for developing gene expression-based 
molecular biomarkers. I conducted exposure experiments, challenging H. azteca with 
sub-lethal exposures of the metals cadmium and copper and of the insecticides DDT, 
permethrin, and imidacloprid. I first measured expression of candidate reference genes 
using RT-qPCR for all of these treatments and their controls. The programs BestKeeper, 
GeNorm, and NormFinder determined the reference genes with the most stable 
expression between controls and treatments. These stable reference genes were used 
together as normalization factors (NFs). NFs remove outside sources of variation when 
processing sensitive gene expression data. The genes forming the NFs differed between 
every treatment, showing how important it is to select reference genes on a by-treatment 
basis and not by simply selecting from a list of previously used reference genes. I then 
measured expression of stress-response genes of interest in all treatments and controls. I 
found a gene expression signature that could be indicative of exposure to metals in 
general in H. azteca (increased expression of Cnc, Mrp4, and Hsp90). I also found that 
gene expression could differentiate between exposure to cadmium and copper, with Mrp4 






expressing being much higher after cadmium exposure than with copper and Rad51 
increasing in expression only after cadmium exposure. While there was no gene 
expression pattern similar to all insecticides, DDT and permethrin exposure produced 
unique expression profiles. Imidacloprid induced no changes in expression in the genes 
studied. Finally and importantly, I found no change in survival in any treatment. Changes 
in gene expression served as more sensitive biomarkers of exposure than mortality. 
Further studies could compare gene expression sensitivity to other high-level biomarkers 
like fecundity and behavior. Monitoring expression of these genes during risk assessment 
will provide a greater ability to determine exposure risk at low stressor concentrations 
before population and community level adverse effects occur. With these results I have 
established H. azteca as a useful organism for molecular studies in toxicology and for 
informing ecological risk assessment. Given these data in this dissertation, the now 
publicly available transcriptome, and the soon to be published H. azteca genome, I 















Appendix A: Code used for transcriptome assembly 
Fastq screen, example genome indexing for Daphnia pulex:  
perl bowtie2-build /Volumes/H_AZTECOME/fastq_screen/bowtie2-2.2.3/Dpulex.fasta 
/Volumes/H_AZTECOME/fastq_screen/bowtie2-2.2.3/Dpulex 
 
Fastq screen, example check of forward and reverse reads against indexed genomes: 





Trimmomatic, example trim: 
java -jar /Volumes/H_AZTECOME/Trim_out/Trimmomatic-0.32/trimmomatic-0.32.jar 




q.gz ha1_001_forward_paired_out.fq ha1_001_forward_unpaired_out.fq 
ha1_001_reverse_paired_out.fq ha1_001_reverse_unpaired_out.fq 
ILLUMINACLIP:/Volumes/H_AZTECOME/Trim_out/Trimmomatic-
0.32/HA1_adapters.fa:2:30:10 LEADING:5 TRAILING:10 SLIDINGWINDOW:4:20 
MINLEN:36 








python BUSCO_v1.1b1.py -o HazBUSCOs -in newtranscripts.fa -l arthropoda/ -m trans 
  






Appendix B: Housekeeping gene transcript sequences 


































































































































































































































































































































































































































	   	  


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































	   	  






Appendix E: Gene of interest transcript amplicon sequences 
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